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A renormalisable analogue of the Standard Model and gravity from quantum dust on
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This article describes a single species of non-interacting massless dust on R0|18, whose behaviour
in the low-energy limit is equivalent to an interacting family of massive particles resembling the
Standard Model on a curved 3+1D space–time manifold. The coupling between mass and curvature
is not strictly equivalent to general relativity, but reproduces the usual uncharged metrics for spher-
ically symmetric sources at reasonable distances from the event horizon. Tunable parameters may
be chosen so that electroweak particle masses and force couplings calculated to tree level lie within a
few percent of their Standard Model values. Extensive new physics, including a preon substructure
for fermions and gauge bosons, is predicted at energies beyond the strong nuclear scale.
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2I. INTRODUCTION
The search for a theory of quantum gravity has proved
to be astronomically challenging, with a concise, predic-
tive theory reducing to both the Standard Model and
general relativity in appropriate limits remaining stub-
bornly out of reach. While this is so, models reproducing
elements of both of these theories—even across a limited
domain—may be of substantial interest as a means of
gaining insight into the greater problem.
There are several properties which are generally con-
sidered desirable for a quantum theory of gravity. It
should exhibit general covariance, it should include an
explicit coupling between matter fields and the curva-
ture of space–time, and it should respect the weak equiv-
alence principle. Surprisingly, it turns out to be possible
to discard all of these requirements and still construct
a model whose phenomenology closely approximates the
Standard Model plus gravitation within currently observ-
able regimes. This model is renormalisable, contains a
spectrum of particles almost identical to that of the Stan-
dard Model of particle physics (differing through the in-
clusion of a WIMP, and possibly in the couplings of its
scalar boson), and reproduces at least two of the four
known black hole metrics under appropriate physical con-
ditions. Many of the mass ratios of the fundamental par-
ticles are fixed by the model’s geometry, and yet theW/Z
and tau/electron mass ratios, which are evaluated to ze-
roth order in this paper, appear to fall at least within a
few percent of observed values.
In addition to the aforementionedWIMPs, distinguish-
ing qualitative features of this model include:
1. it has a preferred rest frame,
2. gravitational and inertial masses exhibit a weak de-
pendence on velocity relative to this frame,
3. the higher generations of leptons (e.g. muon, tau)
and the massive bosons have gravitational masses
significantly smaller than their inertial masses,
breaking the weak equivalence principle,
4. all known fermions and vector bosons admit a preon
structure, and
5. there is a (heavily suppressed) right-handed weak
interaction.
However, with the exception of the preon structure
(which should be observable at electrostrong unification
energy scales) and the right-handed weak interaction
(which is astronomically rare), these features are only
detectable at energies approaching the Planck scale in
the rest frame of the cosmic microwave background, or
when performing gravitational experiments on single par-
ticles. It is fascinating that in everyday circumstances,
something so close to the observed physics of the Stan-
dard Model on pseudo-Riemannian space–time may be
replicated by such an incredibly minimalist microscopic
model, albeit one set in a distinctly unusual geometry.
II. CONVENTIONS
This paper makes use of two-component (Weyl) spinor
notation. Spinor indices are represented by greek letters
from the beginning of the alphabet, with and without
dots, and are frequently left implicit. Sigma matrices
follow the convention
σµ = {I2,σ} (1)
σµ = {I2,−σ} (2)
where σ are the Pauli matrices(
0 1
1 0
) (
0 −i
i 0
) (
1 0
0 −1
)
. (3)
When working with multiple spinor spaces (N > 1), each
spinor index is accompanied by an additional roman in-
dex enumerating the N sets of Grassman co-ordinates.
This index is included in implicit spinor summation, i.e.
θθ = θnαθnα θθ = θn˙α˙θ
n˙α˙
. (4)
Spinor sector (N ) indices are raised and lowered using
δmn (δm˙n˙), and spinor indices are raised and lowered us-
ing the totally antisymmetric tensors ǫαβ and ǫα˙β˙ , where
ǫ12 = −ǫ21 = ǫ21 = −ǫ12 = 1, ǫ11 = ǫ11 = ǫ22 = ǫ22 = 0
(5)
for both dotted and undotted indices. The signature of
the space–time metric is −,+,+,+.
Given a Riemann manifold M , the notation T ∗M de-
notes the cotangent bundle toM . If E is a Lie group then
the notation E ⊗ T ∗M denotes an E-valued cotangent
bundle (an E bundle) on M . Writing ea for an orthonor-
mal basis of E, a 1-form on E ⊗ T ∗M may be written
φaµea dx
µ, and is associated with an E-valued covector
field φaµea on M .
For manifolds with Grassman co-ordinates, e.g. R0|2,
the set of basis covectors spanning the cotangent bun-
dle includes both holomorphic and antiholomorphic ele-
ments, and thus are parameterised by the complex Grass-
man numbers
∧C
satisfying
∀ {λ, χ} ∈
∧C
, λχ ∈ C (6)
∀ x ∈ C ∃ {λ, χ} ∈
∧C
s.t. λχ = x (7)
λχ =− χλ. (8)
For consistency with the index suppression convention
(4), the natural index positions for holomorphic and an-
tiholomorphic covectors are taken to be
dθα dθ
α˙
. (9)
The exterior derivative operator is not chiral. It acts on
a function f(θ, θ) via
df(θ, θ) = ∂α˙∂
αf(θ, θ) dθαdθ
α˙
(10)
3to yield a (1,1)-form, and on a (1,1)-form
f αα˙ (θ, θ) dθαdθ
α˙
via
df αα˙ (θ, θ) dθαdθ
α˙
(11)
= [∂β˙∂
βf αα˙ (θ, θ)− ∂α˙∂αf ββ˙ (θ, θ)] dθαdθ
α˙∧ dθβdθβ˙
to yield a (2,2)-form. A generic (p, p)-form may be writ-
ten
f
α1...αp
α˙1...α˙p
(θ, θ) dθα1dθ
α˙1
. . . dθαpdθ
α˙p
. (12)
Renormalisation will be assumed to follow the MS con-
vention, so that finite coefficients appear in Lagrangians
and are directly identifiable with their classical counter-
parts.
For a group G with tangent Lie algebra g, when a
field is said to “carry a charge” with respect to a group
G, this means that there exists a (generally non-trivial)
representation of the Lie algebra g which acts on that
field.
When working in radial co-ordinates, normalisation of
vector and spinor fields is chosen such that emitted mass-
less fields are associated with factors of 1/r and the con-
stant of proportionality matches the coupling constant in
the interaction vertex. For example, in the symmetrised
electromagnetic interaction where both emission and ab-
sorption are associated with factors of
√
α, the electro-
magnetic 4-vector field of a left-handed electron is related
to the interaction vertex by
−√α eLσµeLAµ ⇒ Aµ(r) = −
√
α
r
. (13)
Units are predominantly SI, though factors of h and
c are frequently omitted implying units for energy and
frequency of m−1.
Particle masses are sourced from the Particle Data
Group [1], with all other physical constants being drawn
from NIST (CODATA 2014) [2].
III. THE MODEL
This Section begins by describing the “microscopic”
model in the condensed matter sense of the term, being
the underlying exact model whose behaviour will sub-
sequently be approximated in various low-energy limits.
Section IIIA introduces the manifold and Lagrangian,
Sec. III B identifies a Minkowski submanifold, Sec. III C
sets up the initial conditions under which the low-energy
limit will be explored, and then Secs. III D onwards suc-
cessively explore a series of transformations and low-
energy approximations eventually yielding a construction
resembling the Standard Model on a 3+1-dimensional
space–time.
A. Field of quantum dust on R0|18
The underlying microscopic model is a free field theory
constructed on R0|18. Co-ordinates on this manifold take
the form of 18 independent complex Grassman variables
denoted θa for a ∈ {1, . . . , 18}, with their conjugates be-
ing denoted θa˙ for a˙ ∈ {1, . . . , 18}. The manifold admits
the volume form ∏
a
dθa
∏
a˙
dθa˙. (14)
For conciseness the set of co-ordinates {θa} may be
denoted θ, with conjugate co-ordinates {θa˙} being
denoted θ and volume form dθdθ. Changing the
enumeration of the co-ordinate variables from a sin-
gle parameter {θa | a ∈ {1, . . . , 18}} to two parameters
{θnα |n ∈ {1, . . . , 9}, α ∈ {1, 2}} yields a set of nine
Grassman-valued Weyl spinors θnα, where n enumer-
ates the nine spinors and α is the internal spinor index.
The metric on R0|18 may then be written δmnǫαβ, where
m,n ∈ {1, . . . , 9} and α, β ∈ {1, 2}.
The field content of the theory is a single real unitless
quantised scalar field ϕ(θ, θ). Taylor expansion of ϕ in
terms of the Weyl spinors θnα yields
ϕ(θ, θ) =
18∑
i=0
18∑
j=0
∏
i
(θniαi)
∏
j
(θn˙j α˙j )[c
(i,j)]n˙1α˙1...n˙j α˙jn1α1...niαi
(15)
where coefficient c(i,j) carries i holomorphic and j anti-
holomorphic index pairs which are contracted with the
Weyl spinors, e.g.
. . .+ θmαθnβθm˙α˙[c
(2,1)]m˙α˙mαnβ + . . . . (16)
Note that spinors θ and θ may appear up to eighteen
consecutive times in the power series due to the presence
of the sector indices ni and n˙i.
Given this expansion, ϕ(θ, θ) may be understood as a
superfield on the N = 9 superspace extension of a point
manifold. In the absence of spatial dimensions parame-
terised by the real numbers, the generators of supersym-
metry and the superderivatives take the form
Qˆnα = i
∂
∂θnα
= i∂nα Qˆ
n˙α˙ = i
∂
∂θn˙α˙
= i∂
n˙α˙
(17)
Dnα =
∂
∂θnα
= ∂nα D
n˙α˙
=
∂
∂θnα˙
= ∂
n˙α˙
(18)
and closure of the supersymmetry algebra is trivial. The
Lagrangian is chosen to be
L = (∂n˙α˙∂
n˙α˙
)9ϕ (∂nα∂nα)
9ϕ (19)
which is immediately seen to be both supersymmet-
ric and renormalisable. This Lagrangian exhibits a
global symmetry, with the associated equations of mo-
tion being invariant under the action of GL(18,C) on
4the original eighteen complex Grassman co-ordinate axes
θα|α∈{1,...,18} (and implicitly on their antiholomorphic
counterparts), decomposing into a symmetry of GL(2,C)
on the indices α ∈ {1, 2} of the Weyl spinors and an
R-symmetry of GL(9,R) acting on the sector indices n.
When the field ϕ(θ, θ) is quantised, Eq. (19) is the La-
grangian for a free field theory for a single non-interacting
species of particle—hence “a field of quantum dust”.
B. Minkowski submanifolds of R0|18
To better study the field ϕ on R0|18, it is convenient
to introduce a submanifold M . This manifold is defined
by the relationships
θnα = θ1α θnα˙ = θ1α˙, (20)
and a point in M is therefore fully described by just one
pair of Weyl spinors. To explicitly retain GL(9,R) sym-
metry, take this pair to be
θα• =
1√
9
∑
n
θnα, θ•α˙ =
1√
9
∑
n˙
θn˙α˙ (21)
which are also equal to θ1α and θ
1α˙
on M . The vertical
position of the bullet • is not meaningful. Submanifold
M(θ•, θ•) is isomorphic to a Minkowski manifold R1,3(x)
under the mapping
F :M −→ R1,3
F (θ•, θ•) =
1
2
θ•σµθ• = xµ,
(22)
where the factor of 12 is introduced to cancel factors of
two arising elsewhere from sigma matrix identities. The
induced volume form on R1,3 is given by
dxµ =
1
2
dθ•σµdθ•. (23)
The cotangent space of M is spanned by the covectors
dθ•α and dθ
α˙
• , and the inverse of F induces the pull-back
from M onto R1,3
F−1∗f αα˙ (θ•, θ•) dθ•αdθ
α˙
• = fµ(x) dx
µ
fµ(x) := f
α˙α(θ•, θ•)σµαα˙
(24)
where x and (θ•, θ•) are related via Eq. (22).
Since F is an isomorphism, points on M may freely
be parameterised either in terms of the Weyl spinor pair
(θ•, θ•) or in terms of the 4-vector x, which on M im-
plicitly represents the vector-valued function xµ(θ•, θ•).
It is convenient to use these two parameterisations inter-
changeably to specify points in M , though only xµ will
be used to specify points in the manifold R1,3 which is
the target of mapping F .
Note that when constructing four-vectors from spinors
using sigma matrices, indices such as µ on σµ are in gen-
eral associated with two superspace indices n and n˙, e.g.
vn˙nµ = ξn˙σµχn. (25)
In Eq. (22) the value of xµ is independent of spinor sector
by virtue of Eq. (20), but more generally it is useful to
define the extended sigma matrices
σmm˙µnαn˙α˙ = δ
m
n δ
m˙
n˙ σ
µ
αα˙ (26)
σm˙mµ n˙α˙nα = δm˙n˙δmnσµα˙α (27)
so that the sector matrices, like the Weyl spinor matri-
ces, may be included in implicit sums such as the one in
Eq. (25), e.g.
vn˙nµ = ξσn˙nµχ. (28)
Finally, note that the GL(18,C) symmetry of the eigh-
teen Grassman co-ordinates θα|α∈{1,...,18} which param-
eterise R0|18 implies that for any Minkowski submanifold
M ′ of GL(18,C) there exists a choice of co-ordinates θα
on GL(18,C) such that this manifold corresponds to M
as defined by Eq. (20). Furthermore, for any two points
(θ, θ) and (θ′, θ′) in R0|18 it is always possible to choose
a system of co-ordinates such that both of these points
lie in M .
C. Quantum liquid
1. Introduction
In the Standard Model, the Lagrangian incorporates
two terms in the Higgs field (a quadratic interaction and
a negative mass term) which yield a nonzero vacuum ex-
pectation value (VEV) for the Higgs when a state is de-
manded which minimises the Lagrangian. This approach
is necessary because the Higgs is energetic and massive,
and without such stabilising terms a background Higgs
field would undergo spontaneous decay.
Contrast this with the introduction of a non-vacuum
state of the dust field on R0|18. Although R0|18 possesses
no time axis, one can consider a pseudo-Euclidean sub-
manifold such as M and ask about the evolution of the
configuration of the dust field from one spacelike slice of
this manifold to another, with respect to the time axis of
M .
For specificity, now consider the Minkowski manifold
M . Let C1 be a subspace of M which is isochronous in
Cartesian co-ordinates in some chosen rest frame, and let
C2 be another subspace of M corresponding to a trans-
lation of C1 with respect to the time axis in that rest
frame. For a sufficiently disordered configuration of the
dust field, any local measure of entropy will be equal
when averaged over any pair of sufficiently large regions
D1 and D2, where Di is a disc Di ⊆ Ci and D1 ∼= D2.
A state is considered sufficiently disordered if its entropy
5does not increase or decrease with respect to the time axis
ofM as a consequence of the continuity equations (equa-
tions of motion) derived from Eq. (19) on R0|18. A state
will be considered maximally disordered if this statement
holds for any choice of Minkowski manifold M ⊂ R0|18,
and any {C1, C2} ⊂M , and {Di ⊂ Ci}.
While the vacuum state is obviously one such maxi-
mally disordered state, the absence of decay channels for
the dust field implies the existence of non-vacuum states
which also satisfy this criterion. From maximisation of
entropy under time evolution with respect to the time
axis of any Minkowski submanifold, if {Ei} are the energy
scales appearing in the description of the state then:
1. any subset of modes of the dust field which couple
to one another must be characterised by the same
energy scale Ei,
2. any properties of modes characterised by an energy
scale Ei must be homogeneous when averaged over
a region characterised by length scale hc/Ei,
3. and the minimum length scale of the discs Di must
be equal to hc/(min {Ei}).
Such a state shares many characteristics with a quantum
spin liquid ground state in condensed matter physics, be-
ing a disordered non-vacuum state whose entropy does
not increase under time evolution, and thus in the present
paper it is referred to as a quantum liquid (QL). Under
this analogy, property 2 (above) corresponds to the equi-
librium between field and Nambu–Goldstone modes.
How many energy scales Ei, then, are required to de-
scribe such a maximally disordered state? On a pseudo-
Euclidean manifold, with real space–time co-ordinates, a
single energy scale suffices. However, this does not neces-
sarily extrapolate immediately to the Grassman manifold
R0|18.
Proceeding from first principles, the Lagrangian (19)
consists purely of a kinetic term, which is seen under
integration by parts to couple pairs of fields
∂α˙1 . . . ∂α˙jϕ and ∂α1 . . . ∂αkϕ |k=18−j . (29)
To fully describe the macroscopic (classical) properties of
the QL state therefore requires at most ten parameters,
〈a(k)QL〉|k∈{0,...,9}, where
〈a(0)QL〉 = 〈ϕ2〉
− 12 , (30)
〈a(k)QL〉 = 〈∂α1 . . . ∂αkϕ∂α1 . . . ∂αkϕ〉−
1
2 , (31)
and if L is the unit of length, then 〈a(k)QL〉 has units of Lk/2.
The means in Eqs. (30) and (31) are assumed to be taken
over a sufficiently large submanifold of R0|18 that their
values remain unchanged in the limit that this subman-
ifold is expanded to cover all of R0|18. The parameters
a
(k)
QL will be termed moments of the QL.
Now introduce the length scales
L(k)QL =
[
〈a(k)QL〉
] 2
k
, k > 0. (32)
The QL state must maximise any local measure of en-
tropy, implying that on any Minkowski submanifold
M ⊂ R0|18 there must be equilibrium between each field
∂α1...αkϕ and its spatiotemporal (Nambu–Goldstone)
modes. In Sec. III B it was shown that there exists such
a submanifold for any pair of points on R0|18, and con-
sequently for any derivative ∂µ with respect to the spa-
tiotemporal co-ordinates of M it follows that〈
∂µ
[
a
(k)
QL
] 2
k
〉
L(k)QL
=
[
L(k)QL
]2
. (33)
Recognising that the spatiotemporal derivative ∂µ must
be constructed from one holomorphic and one antiholo-
morphic derivative on R0|18, i.e. (up to a choice of co-
ordinates on R0|18)
∂µ ≡ ∂1α˙σα˙αµ ∂1α, (34)
integration by parts on the Lagrangian (19) permits the
identification
L(k)QL = L(k+2)QL ∀ 1 ≤ k ≤ 16. (35)
It now follows that for k > 0 the length scales over which
the average moments 〈a(k)QL〉 in Eq. (31) must be evaluated
are the corresponding L(k)QL, and these therefore comprise
a reparameterisation of the spin liquid satisfying
L(k)QL =
[
〈∂α1 . . . ∂αkϕ∂α1 . . . ∂αkϕ〉L(k)QL
]− 1
k
=
[
〈a(k)QL〉
] 2
k
.
(36)
For k = 0 the Lagrangian-mediated coupling (29) implies
that if Eq. (31) is extended to k ∈ {10, . . . , 18} then
L(k)QL = L(18−k)QL ,
and thus the relevant length scale for k = 0 is given by
L(0)QL = L(18)QL =
[
〈a(18)QL 〉
] 1
9
. (37)
The classical parameters of the quantum liquid are there-
fore fully characterised by the two unitful parameters
L(1)QL and L(2)QL, plus the unitless parameter 〈a(0)QL〉. For
a quantised dust field ϕ, these are supplemented by a
further unitless parameter 〈NQL〉 corresponding to the
mean number of dust field quanta counted by a number
operator acting at any given point P ∈ R0|18.
Other useful properties following from maximisation of
entropy with respect to Lagrangian (19) include:
• Unitless expectation values of the real field ϕ satisfy
〈(ϕ)a〉 = 〈ϕ〉a, and may be non-vanishing for any
exponent a.
6• A unitful expectation value is non-vanishing on the
QL state iff it may be understood as the mean of
an absolute square [which will carry a charge under
the R-symmetry GL(9,R) associated with a repre-
sentation matrix having non-vanishing trace].
• Unitful expectation values in C are all real, and are
completely characterised by the parameters L(k)QL
(up to possible small geometric factors and mul-
tipliers of the form 〈ϕ〉a, which may always be fac-
tored out and evaluated separately).
Finally, it is convenient to define the characteristic ener-
gies E(k)QL such that
E(k)QL =
hc
L(k)QL
, k ∈ {1, 2}, (38)
and to introduce
LQL = max {L(1)QL,L(2)QL} (39)
EQL = hcLQL . (40)
2. Evaluation of correlators
Consider an example of a simple dimensionful two-
point correlator on R0|18 which takes the form of an ab-
solute square as per Sec. III C 1 and is therefore non-
vanishing:
〈[∂σ∂]m˙m
µ
ϕ(θ, θ)
[
∂σ∂
]n˙nµ
ϕ(θ′, θ′)〉. (41)
The existence of the global GL(9,R) R-symmetry implies
that there always exists a set of co-ordinates θa|a∈{1,...,18}
such that Eq. (20) defines a Minkowski submanifold M
containing points (θ, θ) and (θ′, θ′). Taking a set of co-
ordinates on R0|18 such that both of these points lie inM ,
and adopting the pseudo-Euclidean interval on M which
is inherited from R0|18 according to Eq. (23), it is then
simple to write the correlator as an isotropic function
of the spatial and temporal separation of these points.
Eq. (41) evaluates to
〈[∂σ∂]m˙m
µ
ϕ(x)
[
∂σ∂
]n˙nµ
ϕ(y)〉
= −Tr (em˙men˙n)f (2)(x− y)
[
ω
(2)
QL
]2 (42)
where eij is a matrix of zeros with a one at (i, j), and
f (2)(x) satisfies∫
d3x
[
ω
(2)
QL
]3
f (2)(x− y) = 1 ∀ y. (43)
Averaging over a sufficiently large number of source loca-
tions y, the distribution f (2)(x − y) approaches a Gaus-
sian in the spatial components of x − y, characterised
by length scale L(2)QL. This Gaussian serves to define a
preferred rest frame, being the frame in which the dis-
tribution is spatially isotropic. Global maximisation of
entropy in the QL then implies that this frame is consis-
tent across M .
Proceeding in analogous fashion, all correlators may
be evaluated by recourse to the relationship
〈{
k∏
i=1
[
∂σ∂
]m˙imi
µi
}{
l∏
i′=1
∂α
′
i
}
ϕ(θ, θ)×


k∏
j=1
[
∂σ∂
]n˙jnjµj


l∏
j′=1
∂α′
j

ϕ(θ′, θ′)
〉
(44)
= −Tr

 k∏
i=1
em˙imi
k∏
j=1
en˙jnj

f (⌊l⌋)(x− y) [ω(⌊l⌋)QL ]2k+l ,
characterised by the QL length scales L(⌊l⌋)QL . Distribution
f (1)(x) is analogous to f (2)(x), but is associated with
fields characterised by odd moments of the QL whereas
f (2)(x) is associated with even moments. It satisfies
∫
d3x
[
ω
(1)
QL
]3
f (1)(x− y) = 1 ∀ y. (45)
Exploiting the random nature of the QL to factorise
higher-order correlators, e.g.
〈[∂σ∂]m˙m
µ
ϕ(θ, θ)
[
∂σ∂
]n˙nµ
ϕ(θ′, θ′)×[
∂σ∂
]p˙p
ν
ϕ(θ′′, θ′′)
[
∂σ∂
]q˙qν
ϕ(θ′′′, θ′′′)〉
= 〈[∂σ∂]m˙m
µ
ϕ(θ, θ)
[
∂σ∂
]n˙nµ
ϕ(θ′, θ′)〉×
〈[∂σ∂]p˙p
ν
ϕ(θ′′, θ′′)
[
∂σ∂
]q˙qν
ϕ(θ′′′, θ′′′)〉,
(46)
it follows that all nonzero correlators on the QL may be
expressed as the product of a series of correlators having
the form of Eq. (44) or its hermitian conjugate.
Maximisation of entropy suggests that the distribu-
tions f (k) share a common rest frame in which they are
all isotropic. For the purposes of the present paper it
suffices to approximate all f (k)(x) in the rest frame by
the unitless window functions
f (k)(x) ≈ δ3
ℓ
(k)
QL
(x) :=
3∏
µ=1
δL(k)QL
(xµ)
δL(a) :=
{
0 if |a| ≤ L/2
1 if |a| > L/2.
(47)
Further, the massless nature of the dust field and equilib-
rium between field and Nambu–Goldstone modes implies
that timelike correlators also go to zero over timescales
characterised by L(k)QL and may be approximated by
δL(k)QL
(x0)|k∈{1,2}.
73. Foreground and background (QL) fields
On top of the background quantum spin liquid, now
introduce a small additional perturbation of the ϕ field.
Let the QL field be denoted [ϕ]QL and the perturbation,
which will be termed a “foreground” field, be denoted
[ϕ]fg, so that the total ϕ field at any point (θ, θ) admits
the decomposition
ϕ(θ, θ) = [ϕ(θ, θ)]QL + [ϕ(θ, θ)]fg. (48)
In order that this perturbation be distinct from the QL
background (i.e. that it cannot be subsumed into a re-
definition of the QL background), two-point correlators
constructed from derivatives of the foreground field [ϕ]fg
are required to be non-vanishing over length- and/or
timescales which are large compared with LQL. In order
that this perturbation be small, it is required that the
foreground field be small compared to the background
QL field. That is,∥∥[ϕ(θ, θ)]fg∥∥≪ 〈∥∥[ϕ(θ, θ)]QL∥∥〉LQL (49)
everywhere on R0|18, where 〈 〉LQL corresponds to the
mean value over some space-like region on a submani-
fold M including point (θ, θ), where this region is char-
acterised by length scale LQL and includes point (θ, θ).
[Note: (i) By the assumption of maximum entropy for the
QL, the choice of submanifold M is irrelevant. (ii) Fluc-
tuations in ϕ(θ, θ) vanish when averaged over length
scales of order LQL, and hence on the right hand side it
does not matter whether ‖ ‖ is inside or outside 〈 〉LQL .]
Further, if ϕ(θ, θ)fg is small everywhere on R
0|18 then
this implies that each term in its superfield decomposi-
tion (15) is small when compared with the decomposition
of ϕ(θ, θ), i.e.
‖[c(i,j)]fg‖ ≪ 〈‖[c(i,j)]QL‖〉LQL ∀ (i, j). (50)
When unitful two-point correlators of the ϕ field are
measured over distances large compared to LQL on a
Minkowski submanifold M , then by construction they
satisfy (on average, over timescales sufficiently greater
than LQL)
〈(∂)a(∂)bϕ(x)(∂)c(∂)dϕ(y)〉
= 〈(∂)a(∂)b{[ϕ(x)]QL + [ϕ(x)]fg}
× (∂)c(∂)d{[ϕ(y)]QL + [ϕ(y)]fg}〉
= 〈(∂)a(∂)b[ϕ(x)]fg(∂)c(∂)d[ϕ(y)]fg〉 (51)
where
|xµ − yµ| ≫ LQL for some µ (52)
in some co-ordinate frame.
The vanishing of the QL contributions to the corre-
lators over separations large compared to LQL, in con-
junction with the impossibility of constructing a nonzero
correlator between foreground and QL fields over these
length or time scales, implies that the dynamics of the
foreground fields largely decouple from those of the QL,
and are essentially unchanged from their dynamics in vac-
uum. While this statement on decoupling is trivially true
for the free particle theory of Lagrangian (19) in which
no interactions take place anyway, it also remains true
for the interacting quasiparticle description of the low-
energy limit developed in Secs. III D–IIIG, barring three
noteworthy exceptions: First, as described in Sec. III F,
when the background fields appear an even number of
times in a correlator and take the form of an absolute
square with trivial charge under the GL(18,C) symme-
try this may give rise to a mass term for the effective
quasiparticles; second, through a mechanism described in
Sec. III D 1, where the combination of a background QL
and low-energy foreground quasiparticle excitations may
be mapped to an effective locally symmetric field the-
ory of the foreground fields with gauge coupling strength
(〈[ϕ]QL〉LQL)−1, and third, as described in Sec. III G 2,
where the presence of a background field enhances the ef-
fective coupling strength of boson-exchange interactions.
Note that over timescales large compared to LQL the
presence of a foreground excitation in the ϕ field must
be taken only as implying that some correlators are non-
vanishing over appropriate length and timescales. For
the free particles of Lagrangian (19), individual quanta
may be identified as foreground or background excita-
tions. However, in the low-energy quasiparticle model
developed subsequently, even if a foreground quasiparti-
cle with appropriate wavefunction is explicitly introduced
over a background of the QL at some initial time t, sub-
sequent scattering interactions between this foreground
quasiparticle and quasiparticles in the QL may result in
any one—or more than one—of the involved quasiparti-
cles ending up correlating with the original foreground
field at some later time t′. The resulting correlations
may be understood either as reflecting the transmission
of the foreground excitation as a collective excitation of
the quasiparticles present, or as reflecting that at time
t′ a number of the quasiparticles may each be identified
with the foreground quasiparticle, each with some spe-
cific probability amplitude.
It is worth commenting that this distinction is largely
academic, and has little consequence for the calculations
which follow, in which individual quasiparticles may for
brevity be identified as foreground or background (QL)
without the need to explicitly consider this detail. The
exception to this is a brief discussion in Sec. III D 6 of
the differentiability of the quasiparticle excitations which
may be observed on an R1,3 submanifold of R0|18.
4. Integration by parts with a QL background
In field theories without an infinite quantum spin liquid
background of the sort described in Sec. III C, integra-
tion by parts is typically performed under the assumption
8that all fields vanish in the limit of spatial co-ordinates
going to infinity, and become arbitrarily rapidly oscillat-
ing in the limit of time co-ordinates going to infinity. This
condition is, however, stronger than is in fact required,
and it suffices that there exists some boundary outside
the area under study on which the boundary term eval-
uates to zero.
Assume a set of foreground fields on M which vanish
in the limit r →∞, and which would therefore, in isola-
tion, satisfy the requirements for vanishing of boundary
terms during integration by parts on M . Introducing a
quantum liquid in addition to these fields yields a set of
total fields which do not necessarily vanish as r → ∞.
However, by choosing a spatial boundary on which the
foreground fields vanish in the conventional manner, and
which is characterised by a length scale L∂ ≫ LQL, the
boundary term may, by appropriate choice of boundary,
be made arbitrarily small as L∂ grows arbitrarily large,
permitting integration by parts of the spatial terms in the
usual fashion. An equivalent treatment holds for the tem-
poral axes, with the foreground fields becoming rapidly
oscillating and the QL contribution vanishing in the limit
t→ ±∞.
D. Microscopic fields on Minkowski submanifolds
Consider the restriction of a function ϕ(θ, θ) to a
Minkowski submanifold of R0|18. By the GL(18,C) sym-
metries of R0|18 and Lagrangian (19), there always exists
a choice of co-ordinates such that this manifold satisfies
Eq. (20) and thus it suffices to study the restriction of
ϕ(θ, θ) to one such submanifold, namelyM as defined in
Sec. III B.
Since Eq. (20) ensures that all co-ordinates θnα and
θn˙α˙ onM are equal to their n = 1 or n˙ = 1 counterparts,
expansion (15) onM truncates at (θθ)k|k=1 and it follows
that ϕM (θ, θ) may be written in the form
ϕM (θ, θ) = φ(x) + θψ(x) + θψ(x) + θθh + θθh
∗ (53)
where x is implicitly xµ(θ•, θ•) as per mapping (22), φ(x)
is a real function corresponding to the c(0,0), c(1,1), and
c(2,2) terms of Eq. (15), θψ(x) and θψ(x) correspond ei-
ther to the c(0,1) and c(2,1) or the c(1,0) and c(1,2) terms
respectively, and h = c0,2 = [c(2,0)]∗ is independent of x.
Note that in Eq. (53) there are no fields which carry both
holomorphic and antiholomorphic indices because these
may always be subsumed into one of the other fields al-
ready present by means of a change of variables, e.g.
(θθ)αα˙v
α˙
α(x) =
1
2
θσµθ σα˙αµ vα˙α(x) = x
µv′µ(x) (54)
which may be subsumed into φ(x).
As with ϕ in Eq. (48) it will be useful to decompose
φ(x) and ψ(x) into foreground and background (QL) con-
tributions,
φ(x) = [φ(x)]QL + [φ(x)]fg (55)
ψ(x) = [ψ(x)]QL + [ψ(x)]fg (56)
and the conditions
‖[φ(x)]fg‖ ≪ 〈‖[φ(x)]QL‖〉LQL (57)
‖[ψ(x)ψ(x)]fg‖ ≪ 〈‖[ψ(x)ψ(x)]QL‖〉LQL (58)
follow from the termwise constraints of Eq. (50). All
expectation values for the remainder of the paper are as-
sumed to be averaged over length- or time-scales greater
than LQL unless otherwise specified, i.e. 〈 〉 represents
〈 〉LQL .
Full knowledge of φ(x), ψ(x), and h [and implic-
itly ψ(x) and h∗] over all of M suffices to reconstruct
ϕM (θ, θ). This reconstruction, however, requires knowl-
edge of the component fields not just over a Cauchy sur-
face in M , but over the entirety ofM , and while Eq. (20)
ensures that a function of θ and θ may be written on M
as a sum of functions of xµ, which are independent of
sector indices, the same is not in general true for deriva-
tives of that function. That is, for example, it does not
in general hold that
∂n˙α˙σ
n˙α˙nα
m˙mµ ∂nαϕ(θ, θ)|(θ,θ)∈M
= ∂n˙α˙σ
n˙α˙nα
11µ ∂nαϕ(θ, θ)|(θ,θ)∈M
(59)
for arbitrary m˙ and m. Nevertheless it is possible to
construct functions from φ(x), ψ(x), and h for which the
derivative does collapse on M [i.e. they satisfy Eq. (59)],
and while these functions do not suffice to fully recon-
struct ϕM , under the conditions defined by Eqs. (49)
and (51) the time evolution of the foreground components
of these functions on M is nevertheless fully determined
by the values of these functions and their derivatives on
any Cauchy surface in M .
The fields constructed in this Section are not the final
family of fields observed in the low energy limit, but they
are the fields from which those species will ultimately be
composed (Sec. III E).
1. Vector fields on R1,3
To construct a partial derivative on M , define the no-
tation
∂n˙nµ := −∂m˙α˙σm˙α˙mαn˙nµ ∂mα, (60)
which may enter into Lagrangian (19) through integra-
tion by parts, and note that Eqs. (20), (22), and (60)
give
∂m˙mµ x
ν = δνµ (61)
for any m˙ and m. Every operator ∂m˙mµ is consequently
a candidate for a partial derivative operator on M , and
the scalar field ϕ is capable of sustaining no less than 81
orthogonal modes of excitation on M , corresponding to
the pairing of ϕM with each of the 81 available orthogonal
4-derivatives {∂m˙mµ ϕM | m˙,m ∈ {1, . . . , 9}}.
9To address this, introduce the (1,1)-form ϕ
(1,1)
R0|18
on
T ∗R0|18 which is obtained by taking the exterior deriva-
tive of ϕ(θ, θ):
ϕ
(1,1)
T∗R0|18
:= i dϕ(θ, θ) = i ∂m˙α˙∂
mαϕ(θ, θ) dθmαdθ
m˙α˙
=
i
2
∂m˙mµϕ(θ, θ) dθ
m˙
σµdθm.
(62)
Define the covector field
ϕm˙mµ(θ, θ) := i∂m˙mµϕ(θ, θ), (63)
which may be expressed on M as
ϕm˙mµ(x) := i∂m˙mµφ(x) − i∂m˙σµψm(x) + i∂mσµψm˙(x).
(64)
At points in R0|18 which are also in M , use this field to
write (1,1)-form (62) as
ϕ
(1,1)
T∗R0|18
∣∣∣
(θ,θ)∈M
=
1
2
ϕm˙mµ(x) dθ
m˙
σµdθm. (65)
Exploiting the GL(9,R) symmetry of the spinor co-
ordinates θnα and θn˙α˙ with respect to sector indices n
and n˙, the cotangent space to R0|18 over M is isomor-
phic to GL(9,R)⊗ T ∗M under the mapping
G : T ∗R0|18
∣∣∣
(θ,θ)∈M
7→ GL(9,R)⊗ T ∗M
G(fm˙mµ dθ
m˙
σµdθm) = fm˙mµ e
m˙m dθ•σµdθ•,
(66)
which may be used to take (1,1)-forms on T ∗R0|18|(θ,θ)∈M
into (1,1)-forms on GL(9,R) ⊗ T ∗M . Application to
ϕ
(1,1)
T∗R0|18
∣∣
(θ,θ)∈M yields
ϕ
(1,1)
T∗M := G
(
ϕ
(1,1)
T∗R0|18
∣∣∣
(θ,θ)∈M
)
=
1
2
ϕm˙mµ(x) e
m˙mdθ•σµdθ•.
(67)
Finally, the pull-back of F−1 (24) yields a 1-form on
GL(9,R)⊗ T ∗R1,3,
ϕ
(1)
T∗R1,3 := F
−1∗ϕ(1,1)T∗M
= ϕm˙mµ(x) e
m˙mdxµ,
(68)
which is associated with the GL(9,R)-valued covector
field
ϕm˙mµ(x) e
m˙m (69)
on R1,3.
Recall that the objective of this process is to construct
a family of fields on M whose foreground components
obey an effective Lagrangian on R1,3 ∼= M in the low-
energy limit. Having constructed a 1-form on GL(9,R)⊗
T ∗R1,3 which is isomorphic to ϕ(1,1)
T∗R0|18
∣∣
(θ,θ)∈M , a neces-
sary component of this effective Lagrangian will be the
appropriate affine connection on GL(9,R)⊗T ∗R1,3. Since
Lagrangian (19) corresponds to a free field theory, there
are no interaction terms which need to be mapped to the
effective Lagrangian. It therefore suffices to determine
the connection on GL(9,R)⊗ T ∗R1,3 which corresponds
to the connection on T ∗R0|18. As R0|18 has no curva-
ture and there are no gauge bundles, the connection on
T ∗R0|18 is simply ∂m˙α˙∂mα, or more conveniently (via a
change of parameterisation), ∂m˙mµ (60).
Consider now the consecutive action of two derivative
operators ∂m˙mµ on the same instance of the scalar field
ϕM (x),
∂n˙nν∂m˙mµϕM , (70)
and recall that ∂m˙mµ is constructed from a pair of spinor
derivatives. Given a complex Grassman-valued vector
χa, the elements of χa˙χa are all linearly independent.
Consequently, for (m˙,m) 6= (n˙, n) the commutation rela-
tionship
[∂n˙nν , ∂m˙mµ]ϕM = 0 (71)
implies that when the operators ∂m˙mµ and ∂n˙nν are ap-
plied to the scalar field ϕM , they behave as linearly in-
dependent vector fields on M . In the limit
[ϕM (x)]fg ≪ 〈[ϕM (x)]QL〉 (72)
the operator ∂n˙nν may therefore be approximated in
Eq. (70) by the substitution
∂n˙nν −→ − i〈[ϕM ]QL〉ϕn˙nν . (73)
Application of Eq. (73) to definition (64) reveals the
error associated with this substitution to be of order
[ϕM ]fg/〈[ϕM ]QL〉:
i∂m˙mµϕM
(73)−→ ϕm˙mµ
(
ϕM
〈[ϕM ]QL〉
)
≈ ϕm˙mµ
(
1 +
[ϕM ]fg
〈[ϕM ]QL〉
)
,
(74)
with definition (64) being recovered on extremising
limit (72). Also note that if [ϕM ]fg incorporates posi-
tive and negative fluctuations with respect to 〈[ϕM ]QL〉
such that
〈[ϕM ]fg〉Lfg = 0 (75)
on averaging over a region characterised by some length
scale Lfg associated with the foreground fields, then the
error term in Eq. (74) will likewise vanish for correlators
averaged over length- or time-scales Lfg. Any time a ref-
erence is made to a field configuration satisfying Eq. (72),
it also suffices to be calculating the mean of an expec-
tation value over a length scale sufficiently large as to
satisfy Eq. (75).
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For (m˙,m) = (n˙, n), recall that on R0|18 the R-charges
(m˙,m) enumerate sectors but are not associated with ma-
trix representations of GL(9,R) as in Eq. (68): the sym-
metries of the space R0|18 and the tangent bundle T ∗R0|18
are both identically GL(9,R)⊗GL(2,C), whereasM has
only GL(2,C) symmetry and thus the tangent bundle
GL(9,R) ⊗ T ∗M is matrix-valued, necessitating the in-
troduction of em˙m in mapping (66).
Now recognise that ∂m˙mµ∂m˙mνϕM is a true second
derivative, corresponding to the gradient of ∂m˙mνϕM on
manifold M . Given two derivatives ∂m˙mν∂m˙mµ acting
on the scalar field ϕM , it therefore follows that the first
derivative to act constructs the vector field ϕm˙mµ asso-
ciated with the (1,1)-form on the copy of T ∗M specified
by (m˙,m), and the second derivative yields the spatial
derivative of this field on M and hence also on R1,3.
Putting this all together, it follows that for fixed
(m˙,m) the vector field ϕm˙mµ on M ⊂ R0|18 maps to
the equivalent field ϕm˙mµ on R
1,3,
ϕm˙mµ(θ, θ)
∣∣
(θ,θ)∈M 7→ ϕm˙mµ(x)|x∈R1,3 , (76)
being an element of the GL(9,R)-valued field
ϕm˙mµ(x)e
m˙m, while the tensor field ∂m˙mµϕn˙nν on
M ⊂ R0|18 must map elementwise (no sum over m˙, m,
n˙, or n) to the following quantities on R1,3:
∂n˙nµϕn˙nν 7→ ∂µϕn˙nνen˙n (77)
∂m˙mµϕn˙nν |(m˙,m) 6=(n˙,n) 7→ −ifϕm˙mµem˙mϕn˙nνen˙n (78)
f :=
1
〈[ϕM ]QL〉 . (79)
Given mapping (77), it is also convenient to introduce
the notation ∂µ on M . This notation is used only where
the derivative operator acts on a vector field ϕm˙mν , and
is a shorthand for the corresponding derivative operator
∂m˙mµ.
Construction of a connection on GL(9,R)⊗T ∗R1,3 con-
sistent with the connection on T ∗R0|18 implies the exis-
tence of a derivative operator Dµ such that the elements
of Dµϕm˙mνe
m˙m are determined by mappings (76–78). If
(m˙,m) = (n˙, n) were not excluded from Eq. (78) then a
reasonable proposal would be the gl(9,R)-valued opera-
tor
Dµ := ∂µ − ifϕm˙mµem˙m, (80)
but application of Dµ to ϕm˙mν yields additional terms
Dµϕm˙mνe
m˙m = . . .− if
∑
m˙,m
(
ϕm˙mµe
m˙mϕm˙mνe
m˙m
)
. . .
(81)
where both appearances of the covector fields ϕm˙mµ carry
the same GL(9,R) charge. No such terms appear in
Eqs. (76–78) and hence they have no counterpart in the
connection on T ∗R0|18.
Mapping (78) implies a tangent bundle with only
eighty basis vectors, rather than the full eighty-one vec-
tors of gl(9,R) seen in Eq. (80), and the adoption of
mapping (77) for two consecutive derivative operators in
the same sector indicates that the missing vector is that
which leaves the total GL(9,R)-charge unchanged. Using
the isomorphism
GL(9,R) ∼= SU(9)⊕ 1 (82)
where 1 is the trivial group, write
ϕm˙mµe
m˙m = ϕzµΞz +
1√
9
ϕ81µ I9 (83)
where Ξz is an 80-element 9 × 9 basis for su(9). Now
introduce the covariant derivative
Dµ := ∂µ − ifϕzµΞz | Ξz ∈ su(9), (84)
which corresponds exactly to the gauge derivative for a
field theory with local SU(9) symmetry. Note that al-
though mapping (66) induces eighty-one vector fields on
R1,3, only eighty of these appear in the connection. Field
ϕ81µ carries no charge with respect to the SU(9) subgroup
of GL(9,R) so does not couple to bosons ϕzµ|z∈{1,...,80},
and the tangent space of the trivial group 1 associated
with ϕ81µ is null, justifying its non-appearance in the co-
variant derivative. The dynamics of ϕ81µ are consequently
boring on R1,3 and this field may be ignored. Never-
theless, the degrees of freedom of Dµ(ϕ
z
µΞz +
1√
9
ϕ81µ I9)
on R1,3 are now in 1:1 correspondence with those of
{∂m˙mµϕn˙nν | (m˙,m, n˙, n) ∈ {1, . . . , 9}} on R0|18, and the
isomorphism between T ∗R0|18 and GL(9,R)⊗T ∗R1,3 en-
sures that this correspondence extends consistently over
all of R1,3.
Having obtained a consistent connection Dµ, it is now
possible to construct the associated SU(9)-valued field
strength tensor and 2-form. Ignoring the non-interacting
field ϕ81µ , whose contributions necessarily vanish, these
may be written
Fµν := Dµϕ
z
νΞz −DνϕzµΞz
= ∂µϕ
z
νΞz − ∂νϕzµΞz − if
[
ϕzµΞz , ϕ
y
νΞy
] (85)
F
(2)
T∗R1,3 := Fµν dx
ν ∧ dxµ. (86)
Next, consider the group isomorphism
GL(9,R) ∼= GL(3,R)A ⊗GL(3,R)C (87)
where labels A and C serve to distinguish two copies
of GL(3,R). Applying this decomposition to the global
GL(9,R) symmetry of Eq. (19) permits sector indices n
to be decomposed into indices a on GL(3,R)A and c on
GL(3,R)C . For later convenience, index labels a and a˙
are chosen to take values in {1, 2, 3} while c and c˙ take
values in {r, g, b}.
Combining Eqs. (82) and (87) with the further identity
GL(3,R) ∼= SU(3)⊕ 1 (88)
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yields the isomorphism
SU(9) ∼= [SU(3)A⊗SU(3)C ]⊕[SU(3)A⊗1]⊕[1⊗SU(3)C ],
(89)
and this implies that connection (84) may be rewritten
Dµ := ∂µ − ifaa˜µλAa˜ − ifcc˜µλCc˜ − ifaca˜c˜µ λAa˜ λCc˜ (90)
where a˜, c˜ ∈ {1, . . . , 8} and λAa˜ and λCc˜ are the Gell-Mann
matrix bases of su(3)A and su(3)C respectively, rescaled
by a factor of 1/
√
2 to satisfy Tr [(λAa˜ )
2] = 1 for any a˜ (see
Appendix A). This connection may act on objects carry-
ing indices on either or both of SU(3)A and SU(3)C . If
the object lacks an index b˜ ∈ {a˜, c˜} associated with group
SU(3)B (B ∈ {A,C} respectively) then this corresponds
to the collapse of SU(3)B to the trivial representation,
which is isomorphic to any representation of the trivial
group 1 appearing in Eq. (89). As the tangent space to
the trivial group vanishes, so too does the term −ifbb˜µλBb˜
in Eq. (90) when SU(3)B is replaced by 1. Similarly,
the term −ifaca˜c˜µ λa˜λc˜ vanishes unless acting on an object
carrying non-trivial charges in both SU(3)A and SU(3)C .
Noting that the bosons aa˜µ and c
c˜
µ themselves carry
indices (only) on SU(3)A and SU(3)C respectively, and
so are acted on only by the adjoint representations of
their respective copies of su(3), the field strength tensor
thus also decomposes into three independent terms:
FAµν := Dµa
a˜
νλ
A
a˜ −Dνaa˜µλAa˜
= ∂µa
a˜
νλ
A
a˜ − ∂νaa˜µλAa˜ − if
[
aa˜µλ
A
a˜ , a
b˜
νλ
A
b˜
] (91)
FCµν := Dµc
c˜
νλ
C
c˜ −Dνcc˜µλCc˜
= ∂µc
c˜
νλ
C
c˜ − ∂νcc˜µλCc˜ − if
[
cc˜µλ
C
c˜ , c
d˜
νλ
C
d˜
] (92)
FACµν := Dµac
a˜c˜
ν λ
A
a˜ λ
C
c˜ −Dνaca˜c˜µ λAa˜ λCc˜
= ∂µac
a˜c˜
ν λ
A
a˜ λ
C
c˜ − ∂νaca˜c˜µ λAa˜ λCc˜
− ifaca˜c˜µ acb˜d˜ν
[
λAa˜ , λ
A
b˜
] [
λCc˜ , λ
C
d˜
]
.
(93)
While these field strength tensors could now be used
to construct a Lagrangian on R1,3, the vector boson field
ϕm˙mµ(θ, θ) is defined in Eq. (63) as a total divergence,
implying that the fields ϕm˙mµ(x)—and hence a
a˜
µ, c
c˜
µ, or
aca˜c˜µ —may only be non-zero if their presence may ulti-
mately be attributed to the existence of another species
which acts as a source or a sink. This constraint applies
on R1,3 as well as on R0|18, to the extent that the model
being constructed on R1,3 represents a good approxima-
tion of the behaviour of the fields on M ⊂ R0|18 in the
low-energy limit. The necessary matter species which act
as sources for the gauge bosons aa˜µ, c
c˜
µ, and ac
a˜c˜
µ are intro-
duced in Sec. III D 3, and an effective Lagrangian on R1,3
which corresponds to the low-energy limit of Eq. (19) on
R0|18 is developed in Sec. III D 7.
2. The R0|18 Lagrangian on M in terms of vector fields
Using integration by parts, anticommutation, spinor
identities, and Eq. (60), Lagrangian (19) may be rewrit-
ten entirely in terms of the scalar field ϕ and the vector
derivative ∂m˙mµ, and then on M in terms of derivative
operators ∂µ [as defined onM immediately after Eq. (79)]
and vector fields ϕm˙mµ. The precise expression obtained
on M will depend on
• the ordering of the spinor derivatives,
• how they are grouped when constructing ∂m˙mµ,
and
• how many of them act on each instance of ϕ.
For example, grouping the derivatives one way might
yield an expression containing two copies each of ∂55µ
and ∂22µ, while another grouping might yield two copies
each of ∂52µ and ∂25µ.
The fields ϕm˙mµ and ∂µϕm˙mν must minimise any La-
grangian constructed in this manner. Since Lagrangian
L (19) is scale-invariant, it is permissible to replace
L → L + L + . . . (94)
where there are enough copies of L to implement each
possible re-expression in terms of vector fields exactly
once. Doing this will then yield another Lagrangian
which must be satisfied by ϕm˙mµ and ∂µϕm˙mν .
In practice, this procedure is excessive. Due to the mi-
nus sign acquired on integrating by parts, the sum over all
terms resulting from expressions with k vector derivatives
acting on the rightmost occurrence of ϕ cancels that with
k − 1 vector derivatives acting on the rightmost occur-
rence of ϕ, with an error overM of at most O
(
[ϕM ]fg
[ϕM ]QL
)
.
In limit (72) it therefore suffices to consider only those
terms where all vector derivatives save one act on the
rightmost instance of ϕ.
3. Spinor fields on R1,3
The construction of vector fields employed in
Sec. III D 1 is implicitly predicated upon the use of in-
tegration by parts to rearrange the Lagrangian (19) into
a form where spinor derivatives act on ϕ(θ, θ) pairwise
as per Eq. (60). As discussed in Sec. III D 2, this may
be achieved whenever integration by parts is used to put
the Lagrangian in the form
(∂)a(∂)aϕ (∂)b(∂)bϕ a+ b = 18. (95)
More generally, however, Lagrangian (19) may also be
expressed in a form where the numbers of holomorphic
and antiholomorphic spinor derivatives acting on a given
instance of ϕ(θ, θ) are not necessarily the same, i.e.
(∂)a+k(∂)aϕ (∂)b−k(∂)bϕ a+ b = 18, (96)
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where k may be any non-zero integer such that all expo-
nents are non-negative.
In such an expression, consider first the spinor deriva-
tives acting on the rightmost instance of ϕ. Where pairs
(∂∂) can be assembled through only commutation and
spinor identities, let these all be assembled. Noting that
a vector derivative of the form (∂∂) always commutes
with a residual, unpaired spinor derivative, these pairs
are described on M in terms of the vector fields ϕm˙mµ
and ∂µϕm˙mν as in Sec. III D 2. Proceed similarly for the
leftmost instance of ϕM . Once again the Lagrangian may
be rewritten as a sum over all possible rearrangements of
the forms given in Eqs. (95–96), and once again there
is extensive cancellation due to signs arising from inte-
gration by parts. Including the new, asymmetric terms,
this implies that it suffices to consider only terms of the
forms given in Eqs. (95–96) with a = 0. It is convenient
to prefer orderings of the spinor derivatives such that the
unpaired holomorphic or antiholomorphic derivatives are
directly adjacent to ϕ, i.e.
(∂)kϕ (∂∂)18−k(∂)kϕ. (97)
To obtain a convenient formulation for the unpaired
spinor terms on R1,3, begin by defining the eighteen-
component spinor fields ψ′nα(x) and ψ
′n˙α˙
(x) according
to
∂mαϕM = ∂mαφ(x) + ∂mα[θψ(x)] + ∂mα[θψ(x)]
+ ∂mα[θθh]
= ∂mαφ(x) + ψmα(x) + [∂mαψ
nβ(x)]θnβ
+ [∂mαψm˙α˙(x)]θ
m˙α˙
+ 2θmαh
=: ψ′mα(x)
(98)
∂
m˙α˙
ϕM = ∂
m˙α˙
φ(x) + ∂
m˙α˙
[θψ(x)] + ∂
m˙α˙
[θψ(x)]
+ ∂
m˙α˙
[θθa∗]
= ∂
m˙α˙
φ(x) + [∂
m˙α˙
ψmα(x)]θmα + ψ
m˙α˙
(x)
+ [∂
m˙α˙
ψn˙β˙(x)]θ
n˙β˙
+ 2θ
m˙α˙
h∗
=: ψ
′m˙α˙
(x),
(99)
noting that the fields φ(x), ψ(x), and ψ(x) are implicitly
dependent on the spinor co-ordinates through the depen-
dence of xµ on θα• and θ•α˙ in Eq. (22). As in Sec. III D 1,
linear independence of derivatives in different sectors per-
mits some unpaired spinor derivatives further from ϕ to
be replaced according to the rules
∂mα . . . ϕM → fψ′mα . . . ϕM (100)
∂
m˙α˙
. . . ϕM → fψ′m˙α˙ . . . ϕM , (101)
which must be applied together to introduce a pair of
fermions ψ′mα, ψ
′m˙α˙
. In Eqs. (100–101), ‘. . .’ represents
additional spinor derivatives acting on a different sector
[i.e. in Eq. (100), ∂nβ |n6=m, and in Eq. (101), ∂n˙β˙ |n˙6=m˙],
and the error associated with this replacement is once
again
1 + O
(
[ϕM ]fg
〈[ϕM ]QL〉
)
. (102)
In principle, Eqs. (100) and (101) can be applied to any
spinor derivatives which can be brought to act on ϕ while
anticommuting only with derivatives of the opposite holo-
morphicity, or of the same holomorphicity but different
sector index. In practice, once a pairing of holomorphic
and antiholomorphic derivatives has been chosen as per
Eq. (97) they are applied only to the unpaired spinor
derivatives written with exponent k. This is because a
non-chiral pair of spinor derivatives (∂m˙α˙∂mα) acting on
the same instance of ϕM can always be mapped to the
vector field ϕm˙mµ or its derivative as per Sec. III D 1, and
to provide a second parameterisation of the same field
data would be redundant. As previously, which spinor
derivatives are replaced by spinor fields is dependent on
the choice of ordering for the holomorphic and antiholo-
morphic derivatives in Eq. (97), but as in Sec. III D 2 that
the effective Lagrangian for vector and spinor fields will
include the sum over all such possible choices.
Having introduced the fields ψ
′
m˙α˙(x) and ψ
′
mα(x) on
M , it is now necessary to determine how these fields map
to fields on R1,3, whether they make any contribution to
the connection on GL(9,R) ⊗ T ∗R1,3, and how they are
acted on by this connection. The mapping of the fields
themselves is straightforward, with a field ψ′mα(x) on M
mapping directly to an equivalent field ψ′mα(x) on R
1,3.
Thus far, ψ′mα(x) is an eighteen-element spinor whose
entries are enumerated by index pairs (mα). However,
with the sector indices m on R1,3 acting as charges on
the GL(9,R) bundle, it is appropriate to decompose the
eighteen-element spinor ψ′mα(x) into nine two-element
Weyl spinors enumerated by m. These spinors are also
denoted ψ′mα(x), where α is the spinor index and these
spinors are now implicitly grouped into a vector enumer-
ated by m.
Next, consider the connections on T ∗R0|18 and
GL(9,R)⊗T ∗R1,3. Setting k = 1 in Eq. (97) it is readily
seen that the fields ψ′mα(x) and ψ
′m˙α˙
(x) on M are acted
on by the same affine connection which acts on ϕm˙mµ(x),
namely ∂m˙mµ. Furthermore, since Eqs. (100–101) never
transform a holomorphic and an antiholomorphic spinor
acting on the same instance of the dust field,1 it follows
immediately that the connection on GL(9,R) ⊗ T ∗R1,3
(84) may be written without recourse to the spinor fields
ψ
′m˙α˙
and ψ′mα, and hence no amendment to this connec-
tion is needed on account of their introduction.
Since the spinors ψ′mα carry a label m associated with
the GL(9,R) global symmetry, the 9-element vector of
1 As noted above, this would be a redundant parameterisation and
such pairs are instead mapped to bosons.
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spinors enumerated by m necessarily comprises a repre-
sentation vector for the local SU(9) symmetry on R1,3
associated with connection (84). It is then not difficult
to verify that the action of the vector derivative operator
∂µ on ψ
′
mα on R
1,3 relates to the derivative operators on
R0|18 via
∂µψ
′
mα ≡ ∂m˙mµψ′mα|m˙=m . (103)
Finally, recognise that a spinor ψ′mα, where m ∈
{1, . . . , 9} is a charge in SU(9), may be rewritten as ψ′acα
where a ∈ {1, 2, 3} and c ∈ {1, 2, 3} are charges in SU(3)A
and SU(3)C respectively. These spinors are consequently
acted on by all bosons aa˜µ, c
c˜
µ, and ac
a˜c˜
µ arising from de-
composition (89) of SU(9).
4. Complex scalar field on R1,3
There remains only one situation in which one or more
spinor derivatives acting on ϕM may not be rewritten as
a field configuration onM (and hence on R1,3) using only
ϕm˙mµ(x), ψ
′
nα(x), ψ
′n˙α˙
(x), and the derivative operator
∂µ. This is where two consecutive spinor derivatives in
the same sector act on the same instance of ϕM , neither
is paired with a spinor derivative of the conjugate type
to yield either a vector field or a vector derivative acting
on a spinor field, and this occurs in the context of an
Einstein sum, e.g. ∂mα∂mαϕM or ∂m˙α˙∂
m˙α˙
ϕM .
In contrast to the vector and spinor sectors, if h is to
contribute to dynamics on R1,3 then these sums must
not be decomposed into nine separate terms enumerated
by the R-symmetry index m. Recall that for both vector
and spinor fields, the space–time derivatives on R1,3 were
constructed from the action of ∂m˙mµ in the same sector
as the corresponding field. For example, in the spinor
sector the first action of a holomorphic derivative ∂mα
on ϕM defines the spinor ψ
′
mα and the second holomor-
phic derivative in the same sector (in conjunction with
the antiholomorphic derivative carrying the same sector
index) yields the vector derivative ∂µ on R
1,3, and sim-
ilarly in the vector sector the first instance of a given
partial derivative operator ∂m˙mµ constructs the vector
field ϕm˙mµ while the second instance gives the vector
derivative ∂µ. For a scalar field of the form ∂
α
m∂mαϕM
this construction is not available as the field itself already
incorporates both of the allowed partial derivatives in
sector m. Instead, define
h′ := (∂∂)ϕM
= (∂∂)φ(x) + ∂ψ(x) + [(∂∂)ψm˙α˙(x)]θ
m˙α˙
+ h
= (∂∂)φ(x) + ∂ψ(x) + h
(104)
where
(∂∂) ≡ ∂mα∂mα (105)
and use has been made of the fact that φ(x) may be
quadratic in x, but ψm˙α˙(x) is at most linear.
Then let the action of ∂m˙α˙∂
m˙α˙
∂mα∂mα on h
′ define
the Laplacian of a free scalar boson h′(x) on M ,
 h′(x) := ∂m˙mµ∂m˙mµh′(x)
= −2 ∂∂ ∂∂ h′(x). (106)
This is in general nonvanishing as all nine terms in the
sum (∂∂) in Eq. (106) act on each individual term in
the expansion of (∂∂) in Eq. (104), with only nine of the
eighty-one terms vanishing due to an excessive number
of repetitions of the same sector index. Similarly, when
h′(x)|x∈M is mapped to h′(x)x∈R1,3 , Eq. (106) gives the
value of  h′(x) on both M and R1,3 and so is implicitly
taken to define the action of the derivative operator ∂µ
on h′(x)|x∈R1,3 such that
∂µ∂µh
′(x)|x∈R1,3 =  h′(x)|x∈R1,3 =  h′(x)|x∈M .
(107)
Anticommutativity allows any summed pair of spinor
derivatives to be brought to act directly on ϕM , and this
leads to the substitution rules
. . . ∂m˙α˙ . . . ∂
m˙α˙ . . . ϕM → . . . (−1)x . . . h′ . . . ϕM
. . . ∂m˙α˙ . . . ∂
m˙α˙
. . . ϕM → . . . (−1)x . . . h′∗ . . . ϕM
(108)
where the value of x is determined by the number of
anticommutations required to bring the leftmost of the
two spinor derivatives to a position immediately to the
left of the rightmost spinor derivative.
As described previously for vector and spinor fields, the
effective Lagrangian is obtained by summing over all or-
derings of spinor derivatives in all possible re-expressions
of the R0|18 Lagrangian (19) which are consistent with
the form of Eq. (97). When there exists a pair of spinor
derivatives under an exponent k in Eq. (97) whose indices
are summed,
• these derivative operators are unpaired with a
counterpart of opposite holomorphicity and hence
cannot be mapped to vector fields on R1,3,
• the rightmost could be mapped to a spinor field,
but the leftmost cannot as it has the same sector
index as the rightmost and thus cannot be subject
to replacement rule (100),
• since the leftmost of the pair does not have a part-
ner of opposite holomorphicity it is also not possible
to convert the rightmost to a spinor field and the
leftmost to a vector derivative,
leaving Eq. (108) as the only option to eliminate all spinor
derivatives and permit a mapping to R1,3. Thus the
model on R1,3 must also include the scalar field h′(x).
As was done in Sec. III D 3 for spinor fields, it is easily
argued that h′ makes no additional contribution to the
connection on R1,3, and propagates under the action of
the same gauge derivative (90) as ϕm˙mµ and ψ
m
α .
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5. Apparent quantisation of effective fields
The unitless scalar field ϕ(θ, θ) on R0|18 is assumed
to be intrinsically quantised, and this property is auto-
matically inherited by the fields aa˜µ, c
c˜
µ, ac
a˜c˜
µ , ψ
′m
α , and
h′ on M and hence on R1,3. The definition of each of
these fields contains one instance of the unitless scalar
field ϕ in addition to a number of derivative operators.
In consequence, each of the derived fields also exhibits
bosonic or fermionic symmetry factors appropriate to its
statistics.
Recalling Sec. III C 2, this is of particular relevance to
the background (QL) fields. An expectation value such
as 〈‖[aa˜µ]QL‖2〉 may be viewed as receiving contributions
from, on average, 〈NQL〉2 different QL particles of type
aa˜µ—or equivalently, from the gradients of 〈NQL〉2 differ-
ent background scalar field quanta [ϕ]QL.
Conveniently, the QL fields will be seen to naturally
enter the effective Lagrangian in R1,3 in a manner such
that the number of symmetry factors 〈NQL〉 corresponds
to the absolute value of the exponent on the units of these
fields, e.g. 〈NQL〉k with units L−k. For the bosonic QL
fields it is therefore convenient to define ω
(2)
QL as the mean
energy contribution per particle of the QL field, such that
〈‖[aa˜µ]QL‖2〉 =
[
E(2)QL
]2
= 〈NQL〉(〈NQL〉 − 1)
[
ω
(2)
QL
]2
=
[
〈NQL〉ω(2)QL
]2 [
1 + O
(〈NQL〉−1)] .
(109)
An interpretation may be placed on 〈NQL〉 as fol-
lows: Introduce a test particle ϕ(t) whose wavefunction
is perfectly correlated with a specific chosen QL parti-
cle [ϕ(1)]QL at time t0. It then follows that at time t0,
the wavefunction of ϕ(t) is correlated with an average of
〈NQL〉 QL particles whose spatial distance from [ϕ(1)]QL
is of order LQL.
6. Cubic and higher-order field configurations
As noted in Sec. III C 3, on submanifold M the su-
perfield expansion (15) truncates at O (θθ) and O
(
θθ
)
allowing the dust field on M to be written in the form
of Eq. (22), where φ(x) is at most quadratic in x and
ψ(x) is at most linear. Consequently the mapping of an
arbitrary function on R0|18 to a set of functions on R1,3 is
injective, and the wavefunction of a single-particle exci-
tation onM or R1,3 is at most quadratic in x. Individual
field excitations are therefore not very exciting entities,
being at most C2-differentiable.
However, as noted in Sec. III C 3 above, to talk about a
uniquely identified “foreground particle” in this effective
model is inaccurate. Rather, foreground field properties
represent the excitation of the ϕ field in a mode inconsis-
tent with the quantum liquid, and this excitation propa-
gates over distances large compared to the mean distance
between scattering in the corresponding mode of the QL,
namely L(k)QL, k ∈ {1, 2}. Both of these distances are com-
parable to the Planck length (Sec. IVA), and thus over
macroscopic distances a foreground excitation, even one
associated with only a single increment of the number op-
erator, propagates with the involvement of an extremely
large total number of particles. The number of degrees
of freedom which may thus be recruited to describe the
propagation of this single foreground excitation is there-
fore extremely large, permitting C∞-differentiable func-
tions to be approximated with near-arbitrary accuracy.
If stable foreground particles are postulated to be
present on R1,3 then these are consequently assumed to
be collective excitations of this type, where the wavefunc-
tion of the foreground excitation merely describes the
likely outcome of correlators performed on the ϕ field at
macroscopic distances, rather than the wavefunction of
any single excitation of this field. This construction is
necessary to justify the introduction of foreground par-
ticles having wavefunctions of arbitrary differentiability,
but does not otherwise affect calculations involving these
particles at energies small compared to O (EQL) (which
is comparable to the Planck scale). On approaching this
scale, as discussed in Sec. III D, it is convenient to think
of some number of quasiparticles within the QL each be-
having as if they have the correlations causing them to
be identified as the foreground particle with some prob-
ability amplitude. In the calculations of Secs. III F–IIIG
of the present paper, no generality is lost by assuming
the number of such particles to conveniently be 1.
7. A microscopic Lagrangian on R1,3
The substitutions defined in Sec. III D permit the La-
grangian (19) to be re-expressed on M in terms of the
vector, spinor, and scalar fields aa˜µ, c
c˜
µ, ac
a˜c˜
µ , ψ
′m
α , and
h′ respectively (and, implicitly, their Hermitian conju-
gates), and this re-expression then necessarily has the
capability to yield valid equations of motion for its con-
stituent fields on M . However, this Lagrangian still has
dimension L−18. If the behaviour of the fields on M
may be described by a low-energy effective field theory
on R1,3, then it is insufficient merely to map the field
content from M ⊂ R0|18 to R1,3. In addition there must
also exist a Lagrangian on R1,3 whose equations of mo-
tion accurately describe the behaviour of the fields on
M .
To construct such a Lagrangian, recognise that
Eqs. (48) and (53) imply that each occurrence of ϕm˙mµ ,
ψ′mα , and h
′ may be decomposed into a sum of foreground
and background contributions,
ϕm˙mµ = [ϕ
m˙m
µ ]QL + [ϕ
m˙m
µ ]fg
ψ′mα = [ψ
′m
α ]QL + [ψ
′m
α ]fg
h′ = [h′]QL + [h′]fg.
(110)
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In the regime defined by Eq. (72), terms in the La-
grangian incorporating foreground contributions with
units totalling L−k and mean energy Efg then scale at
most like O[(Efg/EQL)k] relative to the all-QL term.
On a Minkowski submanifold, with a volume form of
dimension L4, it is convenient to approximate this ex-
pansion by truncating terms with foreground field units
L−k|k>4, where a derivative operator ∂µ is considered
foreground when it acts on a foreground field, and back-
ground when it acts on a QL field. Retaining terms up
to k = 4 permits the foreground fields of the truncated
Lagrangian to exhibit all couplings natural to a model in-
trinsic to R1,3, while excluding interactions with field di-
mension L−k
′ |k′>4 which are non-renormalisable on R1,3
and so reveal the existence of the R0|18 bulk. The di-
mension of the Lagrangian may then be reduced from
L−18 to L−4 by using Eqs. (43) and (44) to integrate
over background field terms with respect to the elements
of the volume form which are orthogonal to M , and the
resulting effective Lagrangian onM then serves as a good
approximation to Eq. (19) so long as the maximum en-
ergy scale associated with the foreground fields satisfies
Eq. (72). Note that this process of integrating out the
background fields introduces index summations which do
not appear in the original Lagrangian on R0|18, so that on
R1,3 it is possible to encounter terms such as ψ′mαψ′m
′
α ,
m 6= m′.
Actually constructing the effective foreground field La-
grangian onM by explicitly integrating down in this way
is inefficient. Instead, recognise that
• ϕm˙mµ , ψ′mα , and h′ are all intrinsically massless, and
• they all propagate on R0|18 under the action of a
common connection, which maps to Eq. (90) on
R1,3.
To a first approximation, the effective Lagrangian on R1,3
may be constructed by taking free field propagator terms
and making the substitution ∂µ → Dµ. For ϕm˙mµ in
isolation, this gives
Lϕ,R1,3 =− 1
4
Tr (FAµνFAµν)−
1
4
Tr (FC µνFCµν)
− 1
4
Tr (FAC µνFACµν ).
(111)
Each field aa˜µ, c
c˜
µ, or ac
a˜c˜
µ in this expression admits de-
composition into foreground and QL components.
Note that on R1,3 it is admissible to rearrange La-
grangian (111) using integration by parts to obtain an
expression involving second-order derivatives of aa˜µ, c
c˜
µ,
and aca˜c˜µ , and hence implicitly also second-order deriva-
tives of ϕm˙mµ . However, a given value of index m (or,
counting separately, index m˙) may appear at most twice
in any given term of expansion (15), second-order (and
higher) derivatives of ϕm˙mµ vanish on R
0|18, and hence
a Lagrangian written in this form does not correspond
directly to the restriction of Eq. (19) to M . Neverthe-
less, integration by parts in the presence of a vanishing
boundary term (as per Sec. III C 4) has no effect on the
resulting equations of motion for ϕm˙mµ and thus the be-
haviour of the vector fields may equivalently be studied
using
• Lϕ,R1,3 ,
• any Lagrangian on R1,3 obtained from Lϕ,R1,3 us-
ing integration by parts, or
• the map of Lϕ,R1,3 onto M via F−1.
Furthermore, propagators for diagonal terms (m˙ = m)
have no counterpart on R0|18 even when they are ex-
pressed with only single derivatives acting on each field
e.g.
∂µχν(η
µρηνσ− ηνρηµσ)∂ρχσ | χµ = ϕ11µ −ϕ22µ . (112)
This is because mapping the derivative operators ∂µ on
R1,3 into operators ∂m˙mµ on R
0|18 results in terms where
a given value of m˙ or m appears more than twice. How-
ever, the pairing of ϕM and ϕm˙mµ on R
0|18 yields the
same dynamics for ϕm˙mµ as does the pairing of ϕm˙mµ
and ∂νϕm˙mµ on R
1,3.2 The former may be thought of as
employing the zeroth and first derivatives of the ϕ field as
conjugate variables, whereas the latter employs the first
and second derivatives after mapping to an equivalent
model on a manifold where higher derivatives are admis-
sible. Thus the dynamics for aa˜µ, c
c˜
µ, and ac
a˜c˜
µ on R
1,3
are consistent with those on M ⊂ R0|18 even though the
construction of the Lagrangian is substantially different
to that which inhabits R0|18.
Now consider conservation of charge when the full La-
grangian (19) is re-expressed in terms of aa˜µ, c
c˜
µ, ac
a˜c˜
µ ,
ψ′mα , and h
′ on M . While as a whole each term must
necessarily conserve charges associated with the local
SU(3)A ⊗ SU(3)C symmetry, the same is not necessarily
independently true for the foreground and background
fields within each term. However, Eq. (51) implies that
they must do so independently over length or time scales
larger than LQL in the rest frame of the QL. This obser-
vation is not strong enough to permit enforcing of inde-
pendent conservation in the foreground and background
fields term by term, but when integrating down to an ef-
fective Lagrangian of dimension L−4 it is permissible to
require that each term in this effective Lagrangian con-
serve charge in SU(3)A⊗ SU(3)C , as charge must always
be conserved in any processes occurring over the length
and time scales where this effective Lagrangian is valid.
Now to add a spinor term. Anticipating Sec. III E 2,
in which it is shown that the effective spinor fields of the
low-energy limit are made up of triplets of preons ψ′a1c1α ,
2 It does not necessarily unambiguously yield the same dynamics
for ϕM , but it is the behaviour of the ϕm˙mµ field which is of
interest.
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it is convenient to write
ΨACα(x1, x2, x3) = f
2ψ′a1c1β(x1)ψ′a2c2β (x2)ψ
′a3c3α(x3)
(113)
where A is a multi-index short for a1a2a3 and C is short
for c1c2c3.
3 The separation of any pair of co-ordinates
xi and xj in this triplet is at most on order of the preon
binding scale, which is seen in Sec. III E 2 e to correspond
to the electrostrong unification scale. At lower energy
scales it suffices to write ΨACα(x) and approximate x =
xi for any i ∈ {1, . . . , 3}.
If Hψ′ denotes the Hilbert space spanned by the spinors
ψ′a1c1α, then ΨACα inhabits the Hilbert space
HΨ =
3⊗
j=1
H
(j)
ψ′ (114)
with j enumerating three distinct copies ofHψ′ . Let e
X(j)
i
be the elementary column vector with a 1 in position i,
acted on by copy j of group SU(3)X [associated with
Hilbert space H
(j)
ψ′ ]. Let
eX
I
=
3⊗
j=1
eX
(j)
ij (115)
where I is a multi-index representing i1i2i3. Connec-
tion (90) acts on ΨACα as
[ 6DΨACeA
A
eC
C
]α˙
=
[
Dµψ
′a1c1β] eA(1)a1 eC(1)c1
× ψ′a2c2β eA
(2)
a2 e
C(2)
c2 [σ
µψ′a3c3 ]α˙ eA
(3)
a3 e
C(3)
c3
+ψ′a1c1βeA
(1)
a1 e
C(1)
c1
[
Dµψ
′a2c2
β
]
eA
(2)
a2 e
C(2)
c2
× [σµψ′a3c3 ]α˙ eA(3)a3 eC
(3)
c3
+ψ′a1c1βeA
(1)
a1 e
C(1)
c1 ψ
′a2c2
β e
A(2)
a2 e
C(2)
c2
× [ 6Dψ′a3c3 ]α˙ eA(3)a3 eC
(3)
c3 (116)
permitting construction of the fermion term
LΨ,R1,3 = i
(
eC
C˙
)† (
eA
A˙
)†
Ψ
A˙C˙6DΨACeA
A
eC
C
. (117)
Proceeding similarly for terms with four or two spinors
yields, respectively,
Lψψ,R1,3 = f
2
[
eA
(1)
a1
]† [
eC
(1)
c1
]† [
eA
(2)
a2
]† [
eC
(2)
c2
]†
ψ
′a˙1 c˙1
× (6Dψ′a1c1)ψ′a˙2c˙2(6Dψ′a2c2)eA(1)a1 eC
(1)
c1 e
A(2)
a2 e
C(2)
c2 (118)
Lψ,R1,3 =
(
eAa˙
)† (
eCc˙
)†
ψ
′a˙c˙
 6Dψ′aceAa eCc (119)
3 The partial derivatives used to construct ψ′(x1) and ψ′(x2) do
not yield a scalar boson as there is no sum over the indices a1,
a2, c1, and c2.
though these latter two terms are only relevant at en-
ergies above the preon binding scale, where spinors ψ′acα
interact as free particles.
Next, the scalar field h′. This field carries no symmetry
group indices or representation matrices but is acted on
by the covariant derivative Dµ according to
Lh′,R1,3 = Tr (Dµh
′∗Dµh′), (120)
coupling to the boson fields in a manner directly analo-
gous to the Higgs field of the Standard Model. As in the
Standard Model, from its interactions the scalar field h′
is seen to have charge 0 and even parity.4
The purely holomorphic construction of scalar field h′
makes it impossible to construct couplings to composite
fermions on R1,3, though indirect boson-mediated cou-
plings are possible via Eq. (120). At high enough ener-
gies, however, the scalar boson may also interact directly
with the preons which make up the composite fermions
of Sec. III E 2, though the relevant energy scale (denoted
EΨ in Sec. III E 2) is anticipated at least to be equal to,
and likely to exceed, the strong nuclear scale.
Note that scalar bosons are not constrained to interact
only as conjugate pairs as constructions involving preons,
e.g.
f ψ
′
a˙c˙ψ
′a˙c˙
DµDµh
′, (121)
may potentially appear as virtual processes as well as real
processes occurring at energies above EΨ.
E. The low-energy regime on R1,3
As hinted at in Sec. III D 7, although aa˜µ, c
c˜
µ, ac
a˜c˜
µ ,
ψ′acα , and h
′ form an effective field theory on R1,3 at en-
ergy scales small compared to EQL, another description
is preferred in the low-energy limit. Recognising that the
bosons cc˜α of the SU(3)C sector confine the preons ψ
′ac
α in
colour-neutral groupings, these bosons freeze out at an
energy scale Epart below which the colour-neutral group-
ings behave as quasiparticles in the low-energy effective
field theory. This confinement interaction is mediated
only through SU(3)C as choices of gauge (described in
Secs. III E 1 and III G 4) break the other symmetry group
SU(3)A → SU(2)⊗U(1) (122)
to mediate the analogue to the electroweak interaction.
Section III E 1 describes a choice of gauge for the local
SU(9) symmetry of the effective field theory on R1,3, as
well as its interpretation in terms of the original dust
4 In this context parity refers to P -symmetry, as evidenced by the
symmetry of the h′ interaction with respect to interchange of the
Z bosons, and not to the number of holomorphic or antiholomor-
phic partial derivatives used in its construction.
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model on R0|18 (where no local symmetry exists), on
which it corresponds to a choice of co-ordinate frame.
In doing so it develops the notion of a physically moti-
vated preferred co-ordinate frame, laying the groundwork
for the gravitational mechanism described in Sec. III G 4.
This is then followed by Sec. III E 2 in which the effective
fields of the low-energy regime are constructed subject to
the constraints of this choice of gauge.
1. Choice of gauge
As has already been noted in Sec. III A, the La-
grangian (19) exhibits a global R-symmetry of GL(9,R)
corresponding to mixing of spinors bearing different sec-
tor labels n. When the spinor indices α are also taken
into account, this symmetry group expands to
GL(18,C) ∼= GL(9,R)⊗GL(2,C) (123)
on the eighteen original Grassman variables θa|a∈{1,...,18}.
In contrast, in the low-energy limit an SU(9) subgroup
of the global GL(9,R) R-symmetry is promoted to a lo-
cal symmetry on manifold M ∼= R1,3. As seen above
(Sec. III D 1), this subgroup may be rewritten as
SU(9) ∼= [SU(3)A⊗SU(3)C ]⊕[SU(3)A⊗1]⊕[1⊗SU(3)C ].
(89)
The low-energy effective field theory then admits gauging
of these SU(3)A and SU(3)C subgroups. This apparent
choice of gauge (fixing of gaugeable degrees of freedom)
on R1,3 in fact corresponds to the choice of a curvilinear
co-ordinate frame (one with non-vanishing connection)
on a patch of R0|18, and similarly, gauge singularities on
GL(9,R)⊗T ∗R1,3 correspond to singularities in the def-
inition of the corresponding co-ordinate frame on R0|18.
More generally, any manifold (and any system of fields
on that manifold) may be described using entirely ar-
bitrary co-ordinate frames. Even if the manifold ad-
mits a co-ordinate system in which all curvature and
dilation connection coefficients vanish (e.g. Cartesian co-
ordinates on R1,3 or R0|18, there is no requirement to
adopt such a co-ordinate frame. (A classic example of
this is the use of a rotating frame of reference in R1,3
to study the Coriolis effect.) This freedom to adopt a
system of arbitrary co-ordinate frames on R0|18 then cor-
responds on R1,3 to
1. freedom to choose a gauge on the SU(9) symmetry
group of the low-energy effective Lagrangian, and
2. freedom to adopt a system of arbitrary co-ordinate
frames on R1,3,
where the frames on R1,3 are inherited from R0|18 and
may also exhibit curvature and dilation connection co-
efficients. Dilation connection coefficients are identical
on R0|18 and R1,3, while on R0|18 the curvature connec-
tion coefficients (ωµ)
α
β associated with the GL(2,C) sub-
group of GL(18,C) [i.e. those not involved in a choice of
gauge for SU(9)] are related to the Christoffel symbols
on R1,3 through
(ωµ)
α
β = Γ
ν
µρσβγ˙νσ
γ˙αρ. (124)
The following paragraphs concern themselves with the
choice of a system of co-ordinate frames on R0|18, of
which a major part corresponds to choice of gauge on the
SU(3)A and SU(3)C subgroups of SU(9). The other two
parts of choosing this co-ordinate frame—dilation, and
curvature on the GL(2,C) subgroup which corresponds
to space–time co-ordinates on R1,3—may be rapidly dealt
with and will be addressed first.
a. Dilation It is desirable in the quantised model
that the distributions of single particle excitations of the
boson and fermion fields introduced in Sec. III D behave
as probability amplitudes, and therefore have a norm of 1
when integrated over any spacelike slice of R1,3. However,
this is not an innate property of those fields:
• The distribution functions for individual quanta of
the dust field ϕ are probability amplitudes, but
• the distribution functions for the emergent boson
and fermion fields correspond to the gradients of
the distribution functions of ϕ and therefore have
arbitrary norm.
Therefore, on submanifoldM , choose the dilation param-
eter of the co-ordinate frame on R0|18 such that all dis-
tribution functions for the emergent foreground particles
behave as correctly normalised probability amplitudes on
R1,3.5
These non-vanishing dilation connection coefficients
also appear on R1,3, but are in practice difficult to detect
at energies below EQL as below this energy scale the QL
comprises an essentially homogeneous background of par-
ticles with separations on order of LQL. Unless there is a
breaking of symmetry in the gradients of the QL, and by
the assumption of maximised entropy there is not, then
the mean value of the dilation connection (which may be
thought of as a classical dilaton field) will vanish over
scales large compared to LQL.
b. Co-ordinate frame(s) on R1,3 For the present it
is convenient to adopt any co-ordinate frame on R1,3
in which the Christoffel symbols vanish. However, this
choice is not physically motivated (it does not relate to
properties of the field content of the theory) and it is sub-
sequently superseded by a physically motivated choice in
Sec. III G 4. However, it is a suitable initial choice in
which to explore the interactions of the low-energy effec-
tive fields.
5 The distributions of particles in the QL background are not, in
general, necessarily correctly normalised. However, this poses no
problem for physics at energies below EQL as it is eventually seen
in Secs. III F and III G that only the collective properties of the
QL fields may be discerned at these energy scales, and individual
particles in the QL may not be detected.
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c. Choice of gauge on SU(3)C Bosons carrying a
charge with respect to the SU(3)C gauge group play two
roles in this model. They mediate a preon binding force
which assembles the composite fermions observed in the
low-energy limit, and where there is a residual SU(3)C
charge on these resultant fermions they mediate the re-
sulting interaction which is the equivalent of the strong
nuclear force. Given this identification with the strong
nuclear force, it is desirable that there should be no ab-
solute point of reference for colour charge. Whatever
gauge is imposed, it should therefore be invariant under
any permutation of the colour charges. The dimension-8
irrep of SU(3)C provides five gaugeable degrees of free-
dom, and it ultimately proves useful to set
‖ψ′arψ′ra ‖ = ‖ψ′agψ′ga ‖ = ‖ψ′abψ′ba ‖
= ‖ψ′arψ′ga ‖ = ‖ψ′agψ′ba ‖ = ‖ψ′abψ′ra ‖.
(125)
In general, when gauging a dimension-8 representation
of SU(3), only two of the five gauge conditions may be
enforced without singularities. However, in this instance
the dimension-8 irrep of SU(3)C is a subgroup of a gauge-
able dimension-80 irrep of SU(9). More precisely, decom-
posing
SU(9) ∼= [SU(3)A⊗SU(3)C ]⊕[SU(3)A⊗1]⊕[1⊗SU(3)C ],
(89)
there exist elements of SU(9) whose actions mix SU(3)A
and SU(3)C in the SU(3)A ⊗ SU(3)C subspace, and ele-
ments which mix SU(3)A ⊗ 1 and 1 ⊗ SU(3)C . An ap-
propriate choice of gauge on these additional degrees of
freedom permits the two subgroups SU(3)A and SU(3)C
to be chosen such that no singularities arise during the
enforcing of Eq. (125) on SU(3)C . This recruitment of
mixing between subgroups SU(3)A and SU(3)C to en-
force Eq. (125) without singularity necessarilly exhausts
the additional gauge freedoms on SU(9), and the gauging
of SU(3)A therefore subsequently proceeds without any
similar such modifications.
Recalling that on R0|18 this choice of gauge corre-
sponds to a choice of co-ordinate frame, and that bosons
and fermions on R1,3 are all constructed from deriva-
tives of the scalar field ϕ(θ, θ) on R0|18 [(63),(98–99)],
the choice of co-ordinate frame corresponding to gauge
choice (125) may be smoothly extended to impose a re-
lated family of restrictions on the boson sector,
aca˜c˜µacc˜a˜µ + c
c˜µcc˜µ = ac
a˜1µac1a˜µ + c
1µc1µ ∀ c˜. (126)
d. Choice of gauge on SU(3)A The choice of gauge
on SU(3)A is motivated by its effects on the quasiparticles
of the low-energy limit, described in Sec. III E 2, their
masses, described in Sec. III F, and their interactions,
described in Sec. IIIG. It is stated briefly here and will
be referred back to by Secs. III E 2, III F, and III G as
appropriate. It is convenient to define
‖ψ′a˙1c˙1σµψ′a2c2‖2
:= ψ
′a˙2c˙2
σµψ′a1c1 ψ
′a˙1 c˙1
σµψ
′a2c2
∣∣∣a˙i=ai
c˙i=ci
(127)
where the sum is over space-time co-ordinates only. The
gauge conditions which are enforced are as follows:
∑
c,c˙
∥∥∥[ψ′1c˙σµψ′2c]fg∥∥∥2=0 ⇔ ∥∥[ψ′1cψ′2c ]fg∥∥2 = 0 (128)
∑
c,c˙
∥∥∥[ψ′1c˙σµψ′3c]QL∥∥∥2=0 ⇔ ∥∥[ψ′1cψ′3c ]QL∥∥2 = 0 (129)
∑
c,c˙
∥∥∥ψ′2c˙σµψ′3c∥∥∥2=0 ⇔ ∥∥ψ′2cψ′3c ∥∥2 = 0 (130)
∑
c,c˙
∥∥∥ψ′1c˙σµψ′1c − ψ′2c˙σµψ′2c∥∥∥2 = 0 (131)
⇔ ∥∥ψ1cψ1c∥∥2 + ∥∥ψ2cψ2c∥∥2 − 2 ∥∥ψ1cψ2c∥∥2 = 0
∑
c,c˙
∥∥∥ψ′1c˙σµψ′1c + ψ′2c˙σµψ′2c − 2ψ′3c˙σµψ′3c∥∥∥2=0
⇔ ∥∥ψ1cψ1c∥∥2 + ∥∥ψ2cψ2c∥∥2 + 4 ∥∥ψ3cψ3c∥∥2 (132)
+ 2
∥∥ψ1cψ2c∥∥2 − 4 ∥∥ψ1cψ3c∥∥2 − 4 ∥∥ψ2cψ3c∥∥2 = 0.
Note that gauge conditions (130–132) apply to the to-
tal fields at a given point in space–time whereas condi-
tions (128–129) apply to the foreground or background
components as indicated. As previously noted, only two
of the gauge conditions on SU(3)A may be enforced with-
out singularity, and these are taken to be Eqs. (128–129).
As in Sec. III E 1 c, this choice of gauge may be iden-
tified with a choice of co-ordinate frame on R0|18. The
application of gauge conditions specifically to the fore-
ground components of some fields may result in this co-
ordinate frame being under-specified as these properties
are not well-defined over length scales L ≤ LQL, but any
such frame will suffice for the study of behaviours in the
low-energy limit in which this choice of frame may be
interpreted as a choice of gauge. Once again this frame
naturally extends to impose closely related conditions on
the boson sector. Defining complex vector bosons
aa˜1a˜2µ :=
1√
2
(
aa˜1µ + ia
a˜2
µ
)
(133)
aca˜1a˜2 c˜µ :=
1√
2
(
aca˜1c˜µ + iac
a˜2c˜
µ
)
(134)
and writing
‖aa˜µ‖2 := aa˜µaa˜µ (135)
‖aca˜c˜µ ‖2 := aca˜c˜µaca˜c˜µ (136)
‖aa˜1a˜2µ ‖2 := aa˜1a˜2†µaa˜1a˜2µ (137)
‖aca˜1a˜2c˜µ ‖2 := aca˜1a˜2c˜†µaa˜1a˜2c˜µ (138)
where once again the sum in a 4-vector magnitude is
only over the space–time co-ordinates, the corresponding
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boson conditions are∥∥[a12µ ]fg∥∥2 +∑
c˜
∥∥[ac12c˜µ ]fg∥∥2 = 0 (128b)
∥∥[a45µ ]QL∥∥2 +∑
c˜
∥∥[ac45c˜µ ]QL∥∥2 = 0 (129b)
∥∥a67µ ∥∥2 +∑
c˜
∥∥ac67c˜µ ∥∥2 = 0 (130b)
∥∥a3µ∥∥2 +∑
c˜
∥∥ac3c˜µ ∥∥2 = 0 (131b)
∥∥a8µ∥∥2 +∑
c˜
∥∥ac8c˜µ ∥∥2 = 0 (132b)
where conditions (128b–129b) hold everywhere, and con-
ditions (130b–132b) hold everywhere save at singularities
which may be made sparse on R1,3.6
For convenience, write a
a˜1a˜2(†)
µ and ac
a˜1a˜2 c˜(†)
µ for
aa˜1a˜2µ or a
a˜1a˜2†
µ
and
aca˜1a˜2c˜µ or ac
a˜1a˜2c˜†
µ
respectively. Further regarding constraints (128b–132b),
note that:
• Constraint (129b) is inconsistent with the construc-
tion criteria of the QL (Secs. III C 1–III C 3), unless
the numbers of ac
45c˜(†)
µ and a
45(†)
µ bosons partici-
pating in the QL are zero.
• Similarly, unless there is a foreground particle of
the same species present, constraints (130b–132b)
require that the number of ac3µ, a
3
µ, ac
67c˜(†)
µ , a
67(†)
µ ,
ac8c˜µ , and a
8
µ bosons participating in the QL are
zero.
• Constraint (129b) is only enforced for the fields
making up the QL, so on-shell and off-shell fore-
ground ac
45c˜(†)
µ and a
45(†)
µ bosons may be emitted
as per usual.
• It is seen in Sec. IIIG 2 that the absence of ac45c˜(†)µ
and a
45(†)
µ bosons from the QL dramatically reduces
the effective strength of any interactions involving
foreground bosons of these types.
• Except at gauge singularities, a foreground parti-
cle of any type specified in Eqs. (130b–132b) must
necessarily be accompanied by a background field
causing these gauge choices to be satisfied. Such
a “background” field would be inconsistent with
6 A singularity is sparse in R1,3 if its spatial extent is pointlike
when it is observed.
the construction criteria of the QL (Secs. III C 1–
III C 3). Thus there is a 1:1 correspondence be-
tween particles of these types and singularities in
these choices of gauge.
• When considering the interactions of foreground
objects carrying a charge only in SU(3)A, boson
exchange involves only species aa˜µ, with all c
c˜
µ and
aca˜c˜µ vanishing. Gauge conditions (128b–129b) fur-
ther eliminate foreground bosons of type a
12(†)
µ and
background bosons of type a
45(†)
µ . In Sec. III F the
low-energy effective description of the background
a
12(†)
µ bosons is seen to reduce to mass terms for
other particles, and in Sec. III G 4 another degree of
freedom is recruited to eliminate foreground bosons
of types a
45(†)
µ . When SU(3)A is considered as a me-
diator of interactions, this corresponds to breaking
of symmetry down to SU(2)⊗U(1) for the particles
of the low-energy limit. Consequently at energies
small compared to LΨ there is no confinement as-
sociated with symmetry group SU(3)A.
2. Effective fields of the low-energy regime
As previously indicated, while the emergent fermions
ψ′acα and bosons aca˜c˜µ , a
a˜
µ, and c
c˜
µ form an effective field
theory on R1,3 at energies below EQL, they are neverthe-
less not the family of effective particles observed in the
low-energy limit. Instead the fermions ψ′acα act as pre-
ons, particles from which the fermions of the low-energy
regime are in turn assembled. The bosons aa˜µ, ac
a˜c˜
µ , and
cc˜µ both bind these composite fermions together and me-
diate the couplings between them.
a. Composite leptons Consider first the role of the
colour charge c on the preons ψ′acα , which is acted on by
the representation of SU(3) denoted SU(3)C . The gauge
choices of Sec. III E 1 leave this symmetry unbroken, and
consequently all species carrying colour charges are con-
fined in colour-neutral multiplets. The fermions of the
low-energy limit are the triplets
ΨAα(x) =
f2√
3
(
εαβεγδ − εαγεβδ + εαδεβγ) (139)
× Cc1c2c3ψ′a1c1β (x1)ψ′a2c2γ (x2)ψ′a3c3δ (x3)
where the permitted values of Cc1c2c3 are constrained by
requiring that particle ΨAα be an eigenstate of the mass-
generating interaction described in Sec. III F 1. The fac-
tor of f2 reflects that in a term of the Lagrangian density,
for any particles after the first two, a factor of f is asso-
ciated with the introduction of any further particle fields
(73, 100–101, 108). For the composite lepton to behave
as a quasiparticle of the low-energy limit, the factors of
f arising from Eqs. (100–101) must be absorbed into the
definition of ΨAα.
If the characteristic energy scale of the confinement
interaction is denoted EΨ, then the three preons making
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up ΨAα are typically spatially separated by a distance
on order of
LΨ := hc(EΨ)−1, (140)
with the location x of the composite particle being well-
approximated by the location of any component xi when
working in energy regimes E ≪ EΨ.
Note that the construction of ΨAα is appropriately an-
tisymmetric under exchange of the constituent fermionic
preons, but if the microscopic structure of a composite
lepton is to be irrelevant in the low-energy limit then it
must also be symmetrised across all distinguishable ar-
rangements of charges a1, a2, and a3. Consequently only
composite fermions of form (139) satisfying a1 = a2 = a3
are non-vanishing and a simplified notation may be in-
troduced,
ΨAα −→ Ψaα | a = ai ∀ i ∈ {1, 2, 3} (141)
Ψaα(x) =
f2√
3
(
εαβεγδ − εαγεβδ + εαδεβγ) (142)
× Cc1c2c3ψ′ac1β (x1)ψ′ac2γ (x2)ψ′ac3δ (x3).
These leptons, enumerated by a, have spin ± 12 and units
L−3/2.
It is worth noting that when a triplet Ψaα contains
one or more foreground preons, the combination of con-
finement with the vanishing of background field corre-
lators over distances greater than LQL implies that an
entire triplet of foreground preons must be present and
spatially bound by the exchange of bosons with colour
charge, i.e. aca˜c˜µ and c
c˜
µ. However, in the effective La-
grangian developed below (144), the decomposition of
any such triplet
Ψaα = ψ′aβψ′aβ ψ
′αa
ψ′αa = [ψ′αa]QL + [ψ′αa]fg
(143)
will be dominated by terms of lowest order in the fore-
ground fields. Individually these expansions of Ψaα into
foreground and background components of the preon
fields need not separately conserve colour charge in the
foreground and background fields, but collectively these
charges are separately conserved for foreground and
background fields, at least over length scales L ≫ LΨ.
More importantly, it is subsequently seen in Sec. III F 1
that the specific choices of Cc1c2c3 in Eq. (142) which di-
agonalise the mass interaction also guarantee that lepton
interaction vertices conserve colour charge on a vertex-
by-vertex basis.
b. Interactions of composite fermions Before exam-
ining the interactions mediated by aa˜µ, it is worth ask-
ing whether there can exist any other composite species
which might mediate interactions between composite
fermions. (The non-composite scalar boson is ignored for
now.) In this regard, first note that the form of Eq. (97)
guarantees that fermion-fermion interactions necessarily
take place by means of boson exchange. Second, note the
principle described in Sec. III D 3 of avoiding redundant
descriptions of the same degrees of freedom, which im-
plies that the bosons aa˜µ, ac
a˜c˜
µ , and c
c˜
µ appearing as force
mediators will not be rewritten as preon/anti-preon pairs.
While these observations do not exclude the existence of
multiple-preon quasiparticle states with bosonic statis-
tics, they do imply that any such quasiparticles must
interact with composite fermions by means of exchange
of the usual aa˜µ, ac
a˜c˜
µ , and c
c˜
µ bosons. In studying the in-
teractions of the composite fields Ψaα in the low-energy
regime it therefore suffices to consider as fundamental
only those interactions mediated by the bosons aa˜µ which
carry a charge with respect to SU(3)A only.
In Sec. III E 2 e it will be seen that there also exists
another family of composite fermions. These fermions are
analogous to quarks, and carry charges in both SU(3)C
and SU(3)A, making them capable of a broader spectrum
of interactions than the leptons Ψaα. These interactions
will be discussed further in Sec. III E 2 e.
c. Bosonic interactions of composite leptons The
composite leptons Ψaα constructed in Sec. III E 2 a carry
a charge in SU(3)A but not in SU(3)C . As noted in
Sec. III E 1 d, the local SU(3)A symmetry is broken down
to SU(2)⊗U(1), and thus bosons carrying a charge with
respect to SU(3)A may mediate interactions over length
scales large compared with LΨ due to the absence of con-
finement.7 In order for the components of a lepton Ψaα
to remain bound, any momentum transferred to the lep-
ton must also be distributed across its constituent parts,
but over timescales long compared to LΨ this is obtained
for free through the ongoing exchange of bosons between
the preons making up Ψaα.
For the present it suffices to note that interactions be-
tween the composite leptons Ψaα are mediated by the
usual bosons aa˜µ of the SU(3)A local symmetry, with the
details of these interactions in the presence of the QL
being explored further in Sec. III G.
Restricting attention for the moment to just the com-
posite leptons Ψaα and the bosons aa˜µ which mediate in-
teractions between them, the effective Lagrangian at en-
7 Interactions over length scales small compared to LΨ may also
take place and involve all bosons aa˜µ, ac
a˜c˜
µ , and c
c˜
µ, as on these
length scales the preon structure of the composite leptons is ex-
posed, along with its associated colour charges. However, these
interactions are restricted to energy scales E ≫ EΨ and resemble
lepton contact interactions as the length scale of these interac-
tions, LΨ, is on order of the size of the composite leptons. These
interactions will be ignored in the present paper, which restricts
its attention to the low-energy limit.
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ergies E ≪ EΨ therefore takes the form
Dµ := ∂µ − ifaa˜µλAa˜ − ifcc˜µλCc˜ (90)
FAµν := Dµa
a˜
νλ
A
a˜ −Dνaa˜µλAa˜
= ∂µa
a˜
νλ
A
a˜ − ∂νaa˜µλAa˜ − if
[
aa˜µλ
A
a˜ , a
b˜
νλ
A
b˜
] (91)
LΨ,a = Ψ 6DΨ− 1
4
Tr (FAµνFAµν). (144)
d. Catalogue of composite leptons and bosons Hav-
ing constructed the prototypical leptons (colourless
fermions) and long-range bosons of the low-energy limit,
it is now useful to identify what roles these will play in
the analogue of the Standard Model of Particle Physics
which is slowly emerging from the original model of a
dust field on R0|18. To this end, make the following iden-
tifications. First, the composite leptons:
Ψ1α −→ eRα (145)
Ψ2α −→ eLα (146)
Ψ3α −→ νeα. (147)
Here eL denotes the left-handed electron, eR denotes the
right-handed electron (so eR is a left-handed particle),
and νe denotes the electron neutrino. The mass ma-
trix for each of these species is subsequently found to
have three eigenvalues, corresponding to the three parti-
cle generations, and as per convention the higher gener-
ations will be denoted
eR : µR, τR (148)
eL : µL, τL (149)
νe : νµ, ντ . (150)
Second, the bosons which are still physically relevant
after constraints (128b–132b) have been imposed are
identified (or named) as follows:
a12µ −→ Hµ (151)
a3µ −→ Aµ (152)
a45µ −→ Gµ (153)
a67µ −→W †µ (154)
a8µ −→ Zµ. (155)
It is also convenient to assign corresponding names to the
aca˜c˜µ bosons, although these are not seen in the low-energy
limit, as this reflects their action on SU(3)A, hence
ac12c˜µ −→ H c˜µ etc. (156)
Under these identifications, ignoring the lepton contact
terms and writing
g =
√
2f g′ =
2f√
6
, (157)
Lagrangian (144) takes on the familiar form of the
Glashow–Salaam–Weinberg Lagrangian plus a few addi-
tional terms in G
(†)
µ and H
(†)
µ :
LΨ,a = L 6∂ + Lb + LGSW + LG + LH (158)
L 6∂ = iΨ6∂Ψ
= ieR 6∂ eR + ieL 6∂ eL + iνe 6∂ νe
(159)
Lb = −1
4
TrFAµνFAµν (160)
LGSW = −g′
(
eRσ
µeR+
1
2
eLσ
µeL+
1
2
νeσ
µνe
)
Bµ
+
g
2
(νeσ
µνe − eLσµeL)W 3µ (161)
+
g√
2
(eLσ
µνeWµ + h.c.)
LG =
g√
2
(
eRσ
µνeG
†
µ + h.c.
)
(162)
LH =
g√
2
(
eRσ
µeLH
†
µ + h.c.
)
(163)
Aµ =
g′W 3µ + gBµ
(g2 + g′2)
1
2
Zµ =
gW 3µ − g′Bµ
(g2 + g′2)
1
2
. (164)
(Definition of the boson fields W 3µ and Bµ follows Ry-
der [3].) Note that at this stage, all fields in the La-
grangian still admit decomposition into foreground and
QL components (though some of these are zeroed by
gauge). As the QL admits a mean-field description at
energies below EQL it is ultimately possible to reduce the
Lagrangian just to an effective model of the foreground
fields, though this must await incorporation of the mass-
generating terms of Sec. III F, the effects of the QL on
interactions discussed in Sec. IIIG, and ultimately, one
final change of gauge to eliminate the foreground G
(†)
µ
bosons in Sec. IIIG 4.
Regarding the present form of LΨ,b, note that:
1. Term LG provides a form of right-handed weak in-
teraction, with the anti-[left-handed neutrino] serv-
ing as the right-handed neutrino. Although this
process is non-vanishing even after the gauge choice
of Sec. IIIG 4, in Sec. IIIG 2 it is seen to be sup-
pressed by a factor of order at least O
(
10−18
)
rel-
ative to its left-handed counterpart.
2. At tree level the weak mixing angle tan θW = g
′/g
differs substantially from its assumed value in the
Standard Model, as does the mass ratio m2W /m
2
Z .
In the Standard Model these parameters are related
through
sin2 θW = 1− m
2
W
m2Z
tan θW =
g′
g
, (165)
with the lowest-order value of sin2 θW in the present
model being 0.25.8 However, as discussed subse-
8 The observed value is sin2 θW = 0.2223(21) [2].
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quently in Sec. III F 2, corrections to the mass ra-
tio differ substantially from the Standard Model
(and some affect only the mass ratio m2W /m
2
Z and
not the coupling ratio g′/g). As these interactions
preferentially grant mass to the W boson, a more
detailed calculation of the W :Z boson mass ratio
is expected to yield a value of sin2 θW closer to the
Standard Model than the initial figure of 0.25 pre-
sented here.
3. Bosonic interactions consistent with LGSW are
yielded by Lb. Note that gauge choice (128b)
eliminates the additional interactions involving
foreground bosons of types H
(†)
µ , and gauge
choice (129b) makes those involving G
(†)
µ very weak
(see Sec. IIIG 2).
4. Despite appearances, the presence of the QL means
that constants g and g′ are not analogous to the
constants of the same name which appear in the
Standard Model. In the process of eliminating the
QL from the effective low-energy description, these
coefficients are subsequently rescaled by a large
multiplicative factor, following which they are de-
noted g and g′. These rescaled coefficients are then
the analogues of g and g′ in the Standard Model.
See Sec. IIIG for details.
e. Composite quarks and gluons The preon triplets
Ψaα described in Sec. III E 2 are not the only possible
composite particles which can be assembled from the
available preons. Although they are the only colour-
neutral particles which may be assembled from a triplet
of spinors of a single parity, there exists another family of
composite fermions which are capable of interacting with
the same bosons aa˜µ as are catalogued in Sec. III E 2 d.
These fermions take the general form
f2Cc˙1c˙2c ψ
′a˙1c˙1
α˙ (x1)ψ
′a˙2c˙2α˙
(x2)ψ
′acα(x3) | a˙1 = a˙2
(166)
(or hermitian conjugate) where, as before, Cc˙1c˙2c is given
by the eigenstates of the corresponding mass interaction,
and a˙1 = a˙2 is enforced by the need for antisymmetry
with respect to spatial exchange, and symmetry with re-
spect to the exchange of distinguishable indices on preons
of identical spin. Cataloguing the resulting foreground
particles not effectively eliminated by gauge choice (128)
and assigning names by analogy to the Standard Model
yields
a˙1 a˙2 a
uL 2 2 3
dL 3 3 2
a˙1 a˙2 a
uR 1 1 3
dR 3 3 1
(167)
plus triplets where a˙1 = a˙2 = a, discussed in Sec. III E 2 f.
A third quark pair,
a˙1 a˙2 a
wL 1 1 2
wR 2 2 1,
(168)
is prohibited by gauge from appearing as a foreground
particle as its propagator terms wL6∂wL and wR6∂wR
and emergent mass terms are eliminated by gauge
choice (128).
If charge is defined as the strength of a particle’s cou-
pling to the Aµ boson, including the QL effects described
in Sec. IIIG 2, and the coupling of eL defines a refer-
ence charge −|e|, then both uL and uR are found to have
charges + 23 |e| while dL and dR have charges − 13 |e|. Fur-
thermore, the colour-neutral dyad uc˙Ld
c
L|c˙=c has identical
preon composition to νeeL, indicating the existence of the
weak interaction vertices
g√
2
d
c˙
L δc˙cσ
µucLWµ + h.c. (169)
whose right-handed counterpart, being mediated by the
G
(†)
µ bosons, is again suppressed by a factor of order at
least O
(
10−18
)
.
Note that species of the form of Eq. (166) necessar-
ily have a residual non-zero colour charge, and therefore
also interact by exchange of bosons carrying non-trivial
charges with respect to SU(3)C . The bosons c
c˜
µ may
therefore be identified with the gluons of the Standard
Model.
Finally, where valid vertices exist for interactions be-
tween quarks and the bosons aa˜µ of SU(3)A, note that
vertices may also be constructed for interactions with
composite bosons carrying charges in both SU(3)A and
SU(3)C . These interactions are functionally indistin-
guishable from their SU(3)A counterparts save that they
also induce a rotation in colour space. Noting that
• Choice of gauge (125) on SU(3)C is invariant un-
der cyclic permutation of colour indices, giving no
absolute point of reference for colour,
• interactions mediated by aa˜µ and aca˜c˜µ are nondegen-
erate due to the SU(3)C transformation induced by
aca˜c˜µ , and
• aca˜c˜µ introduces no new transformations in SU(3)C
not already realised by the colour bosons cc˜µ,
it is anticipated that interactions between quarks me-
diated by bosons of types aca˜c˜µ will not be readily dis-
tinguishable from those mediated by bosons of type aa˜µ.
The existence of bosons aca˜c˜µ will increase the degeneracy
of some two-vertex processes, e.g. dL → uL +W → dL
through the introduction of a coloured W counterpart,
but it is anticipated this increased degeneracy will be
difficult to detect and so bosons aca˜c˜µ might be hiding in
plain sight.
f. Other composites There are very other few can-
didates for composite particles in the low-energy limit.
The leptons Ψaα were bound by the SU(3)C colour inter-
action. The bosons aaµ are of interest in the low energy
limit as a consequence of these leptons, and are stabilised
by the existence of their own unique mass eigenvalue so-
lutions (Sec. III F 2). The quarks appeared as effective
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quasiparticles due to their ability to interact as a triplet
with the composite bosons aaµ and thus with the lep-
tons Ψaα. Gluons cc˜µ and coloured SU(3)A bosons ac
a˜c˜
µ
in turn arise or become relevant as a consequence of the
quarks. The only other reasonable candidate for a low-
energy quasiparticle is given by setting a˙1 = a˙2 = a in
Eq. (166). The net colour charge on any species of the
form
f2Cc˙1c˙2c ψ
′a˙1 c˙1
α˙ (x1)ψ
′a˙2 c˙2α˙
(x2)ψ
′acα(x3) (170)
is minimised by setting c equal to c˙1 or c˙2, effectively
eliminating two sources of colour charge from the com-
posite fermion in the low-energy limit, and for species
subject to confinement this is anticipated to result in a
lower-energy state. For the quarks this poses no con-
ceptual problem, but for species satisfying a˙1 = a˙2 = a
this means that within a triplet, both source and sink
terms are present for a single species of preon. Taking
as a specific example the species ψ
′1r˙
ψ
′1g˙
ψ′1g, consider
construction of a propagator
ψ
′1r˙
(x)ψ
′1g˙
(x+∆1)ψ
′1g(x +∆2)
× ψ′1g˙(y +∆2)ψ′1g(y +∆1)ψ′1r(y)
(171)
where all components of {∆i} are small compared to LΨ,
but the spatial separation of x and y is large. On draw-
ing Feynman diagrams associated with this expression,
the largest amplitudes will in general be obtained when
the source at x+∆1 is connected to the sink at x+∆2,
and similarly for y+∆1 and y+∆2, with only one preon
propagating over distance x − y. In contrast, a simi-
lar construction for quarks requires that all three preons
propagate between the vicinities of x and y.
When coloured composite fermions are grouped into
colour-neutral collections, assume that there are strong
energy incentives arising from confinement which drive
minimisation of colour charge within an individual com-
posite fermion. Given this assumption, constructions
taking the form of Eq. (166) with a˙1 = a˙2 = a are best
thought of as a single preon in the presence of a field
measurement operator, rather than being triplets capa-
ble of stable existence over timeframes long compared to
LΨ.
g. Limitation of scope Although the model de-
scribed in this paper yields an extraordinarily rich spec-
trum of particle species, comparable to that of the Stan-
dard Model itself, the remainder of the paper will con-
centrate on the colourless leptons Ψaα of the low-energy
limit and the bosons which mediate the interactions be-
tween them. Since the quarks also ultimately bind into
colour-neutral triplets, and are made up of the same com-
ponent preons as the composite leptons, it follows that
study of collections of composite leptons may serve as a
convenient prototype for the more complex materials of
the full theory.
In particular, both quarks and leptons ultimately as-
semble into colour-neutral charge-neutral composite bod-
ies which act as sources for the gravity-like field described
FIG. 1. Interactions between preons in an arbitrary fore-
ground lepton and a QL vector boson field b. Each of the
bosons may interact with any of the three preons, and in any
order, with two example configurations shown here. Arrows
are present on the boson lines for interactions with complex
vector bosons such as H
(†)
µ .
in Sec. III G 4. However, the effective gravitational con-
stant may potentially differ for leptonic and baryonic
matter on account of
• the different inertial mass eigenvalues when pre-
ons are grouped into leptons versus when they are
grouped into quarks, and
• the additional constituents contributing to the in-
ertial mass of a proton (virtual particle/antiparticle
pairs, gauge bosons).
The possibility of violation of the weak principle of equiv-
alence is discussed further in Secs. III G 4 and IVF.
F. Masses
This Section explores the interactions between the
colourless effective quasiparticles of the low-energy limit
(Ψaα and aa˜µ) and the background quantum liquid whose
mean-field approximations yield the mass terms of the
Lagrangian. Fermions are addressed in Sec. III F 1, and
bosons in Secs. III F 2–III F 3.
1. Fermion masses
For any species of fermion, mass terms may arise from
interactions between its constituent preons and the vec-
tor boson fields of the background quantum liquid as
shown in Fig. 1. First, note that for this diagram to
be non-vanishing the QL fields at the two interaction
vertices must be correlated, implying both that they are
a conjugate pair, and that the interaction vertices are
separated by a distance of O (LQL) or less. At these
length scales foreground and background particles are
treated equivalently, and all particles therefore stand to
acquire mass through this mechanism. However, it re-
mains valid to ask specifically about the effective mass
of a particle whose longer-range correlators cause it to
24
be designated “foreground” and thus to mark the preons
as “foreground” in Fig. 1. Second, recognise that mass
vertices are always considered in the context of parti-
cle propagation and thus—unless it can be shown that
they are unimportant—the evaluation of Fig. 1 must take
place with the assumption of untruncated inbound and
outbound propagators. Third, recognise that the preons
making up Ψaα carry colour charges and thus interact
with each other via exchange of coloured bosons cc˜µ and
aca˜c˜µ , and also with coloured bosons in the background
field.
For simplicity, initially neglect the effects of colour in-
teractions on individual preons and just write down the
amplitudes associated with Fig. 1 in terms of Ψ, the vec-
tor of composite leptons Ψaα. At energy scales above EΨ,
the use of Ψaα merely denotes the presence of three pre-
ons which satisfy Eq. (142) without requiring them to be
treated as a bound triplet. Further assume that the in-
teracting bosons are of type aa˜µ, causing the colour of the
interacting preon to remain unchanged. As the fermion
behaves as three individual preons at energy scale EQL,
each boson may interact with any of these three compo-
nents (rather than just with a single quasiparticle) giving
an additional factor of 9 for a total amplitude
9f2
∫∫
d4xd4y [Ψ(x)λAa˜ σ
µΨ(x)]fga
a˜
µ(x)
×[Ψ(y)λA
b˜
σνΨ(y)]fga
b˜
ν(y)
(172)
where aa˜µ(x) and a
b˜
ν(y) represent the total boson fields,
i.e. not just background or foreground, at x and y re-
spectively. Over length scales of order LQL or less, and
at foreground particle energies E ≪ EQL, this expression
is dominated by boson contributions from the QL:
9f2
∫∫
d4xd4y [Ψ(x)λAa˜ σ
µΨ(x)]fg[a
a˜
µ(x)]QL
×[Ψ(y)λA
b˜
σνΨ(y)]fg[a
b˜
ν(y)]QL.
(173)
With Fig. 1 being understood as a mass term for the
lepton field, there are actually no foreground bosons
present so going from Eq. (172) to Eq. (173) is exact.
In this absence of foreground bosons, by gauge (128b–
132b) this expression (173) may be non-vanishing only
for {a˜, b˜} ∈ {1, 2}, corresponding to interactions with
the complex vector boson H
(†)
µ . The proto-electrons may
acquire mass as a result of this interaction, but the proto-
neutrino does not as it does not couple to this species of
boson.9 To proceed with a definite example, select out
9 Note that any interaction with the QL fields give rise to mass
terms for the specific particle engaging in the interaction only.
Thus while the preons in a lepton may, for example, interact
by exchange of cc˜µ bosons, and the neutrino may emit virtual
W bosons in a loop, which may then in turn couple to the H
(†)
µ
those terms involving the left-handed electron to obtain
9f2
∫∫
d4xd4y [eL(x)σ
µeR(x)]fg[Hµ(x)]QL
×[eR(y)σνeL(y)]fg[H†ν(y)]QL.
(174)
Exploiting the window-function profile used to approx-
imate correlators in the QL, along with the necessary
proximity of the two interactions, this may be rewritten
−9f
2
2
∫∫
d4xd4y [eL(x)eR(y) eR(x)eL(y)]fg[H
µ(x)H†µ(y)]QL.
(175)
Provided the two vertices are sufficiently close,
i.e. δ
(4)
L(2)QL
(xµ − yµ) is non-vanishing in the rest frame of
the QL, this admits the substitution
[Hµ(x)H†µ(y)]QL → −
[
E(2)QL
]2
(176)
where the sign arises from the signature of the metric.
Note that E(2)QL incorporates the symmetry factor of 〈NQL〉
on account of there being 〈NQL〉 background field vertices
to connect with each of the H
(†)
µ and Hµ boson lines, and
may be thought of as
E(2)QL = 〈NQL〉ε(2)QL (177)
where ε
(2)
QL is the mean energy per boson in the bosonic
sector of the QL.
Defining
me =
3 f E(2)QL√
2
, (178)
Eq. (175) becomes∫∫
d4xd4y [eL(x)eR(y)]fgme [eR(x)eL(y)]fgme. (179)
Finally, when working at energy scales E ≪ EQL note
that this will be indistinguishable from∫∫
d4xd4y [eL(x)eR(x)]fgme [eR(y)eL(y)]fgme (180)
due to the expression being non-vanishing only when co-
ordinates x and y satisfy the window function constraint
δ
(4)
L(2)QL
(xµ − yµ) 6= 0. (181)
bosons, any non-vanishing interactions between these bosons and
the bosons of the QL would give rise to mass terms for the cc˜µ
andW bosons themselves, and not for the preons or the neutrino
respectively.
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FIG. 2. To represent the preon propagator as a single fermion
line, even over length scales of O (LQL), is a major oversim-
plification neglecting the multiple colour-driven interactions
taking place between the preon, its neighbours, and the back-
ground field. Note that on the right-hand diagram, initial and
final preon colours may differ.
Expression (180) is exactly the Standard Model term for
electron mass, applied twice to the left-handed electron
and written in terms of Weyl spinors:∫∫
d4xd4y eL(x)eR(x)me eR(y)eL(y)me. (182)
In both instances the electron passes through an inter-
mediate state which is not observed, in which its spin
reverses. In the present model this is only an approxi-
mation introduced on going from Eq. (179) to Eq. (180),
whereas in the Standard Model observation of this state
is prohibited by imposing conservation of spin as a super-
selection criterion. Note also that in the present model
the window constraint (181) requires close proximity of
the interaction vertices, making the details of the mass
mechanism undetectable at energies E ≪ EQL in the rest
frame of the QL. It turns out that both E(1)QL and E(2)QL,
and hence EQL, are comparable to the Planck scale (250–
251). Taking all of this into account, interaction with
the background H(†) fields is seen to give rise to elec-
tron mass terms functionally equivalent to those of the
Standard Model.
Now consider also the role of the colour charge on in-
teracting preons. The preon propagator lines in Fig. 1
have been oversimplified, ignoring the multitude of inter-
actions between the coloured preon and both its neigh-
bours and the coloured bosons of the background field
(Fig. 2). The preon interacts with O (〈NQL〉) particles
over an interval O (LQL), where O (〈NQL〉) is at least
1036 (249), and may change colour as a result. For the
preon lines of Fig. 1, colour at source and sink is fixed
by the requirement that the fermion annihilated by the
sink is the same as that created by the source. However,
the colours of the fermion lines as they enter and exit
FIG. 3. Fermion mass interactions of Fig. 1 redrawn with
maximally general colour labelling, recognising fluctuations
in preon colour which arise from interactions with the back-
ground fields.
the vertices of the mass interaction are not constrained
to match those at source and sink, with the most gen-
eral colour-labelling being that shown in Fig. 3. Further,
gauge choice (125) lends equal weight to all mass terms
regardless of fermion colour at the interaction vertices.
It remains only to evaluate the relative amplitudes of the
different colour states at the interaction vertices follow-
ing the near-arbitrarily large number of background field
interactions along the length of a preon propagator.
First, recognise that although the average net action
on SU(3)A of these interactions vanishes, individual back-
ground bosons interacting with the preon may carry a
charge with respect to SU(3)A and thus these bosons may
carry the trivial charge with respect to SU(3)C , with rep-
resentation matrix
λ9 =
1√
3

 1 0 00 1 0
0 0 1

 , (183)
as well as any nontrivial charge having a representation
in {λi|i ∈ 1, . . . , 8} (A2). For the interacting preon in-
troduce the vector notation
ψ′aα =


ψ′arα
ψ′agα
ψ′abα

 , (184)
which is acted on by both the trivial and non-trivial ma-
trix representations of su(3)C , {λi|i ∈ 1, . . . , 9}. It is
now convenient to adopt a basis in which the diagonal
representation matrices are
d1 =

 1 0 00 0 0
0 0 0

 d2 =

 0 0 00 1 0
0 0 0

 d3 =

 0 0 00 0 0
0 0 1

 .
(185)
In a notation chosen to reflect Ref. 4, let Kf denote
the mapping in SU(3)C corresponding to the change in
colour implemented by an unconstrained preon propa-
gator, such that one copy of Kf or K
†
f is associated
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FIG. 4. The net interaction between a propagating preon
and the colour bosons of the background field may be coarse-
grained to a single effective interaction.
with each unconstrained colour index in Fig. 3. Coarse-
graining the interactions taking place along this propa-
gator into a single effective transformation yields Fig. 4,
where the boson imparts vanishing net momentum to
the preon, with momentum imparted being independent
of colour charge, but may carry any representation of
su(3)C (trivial or otherwise) with equal probability am-
plitude. The entries of Kf then arise from a weighted
sum over all representation matrix coefficients enacting
that mapping. Thus
ψ′arα −→ ψ′arα (186)
is associated with d1 and carries a coefficient of 1. The
mapping
ψ′arα −→ ψ′agα (187)
may arise from either λ1 or λ2, depending on the colour
charge of the inbound boson; averaging across inputs
yields a factor of 1/
√
2 apiece for a coefficient
± 1√
2
(
1√
2
± i√
2
)
= ±1± i
2
(188)
and similarly for ψ′arα −→ ψ′abα. Denote the former
mapping by r → g and the latter by r → b. Hermeticity
and invariance under cyclic permutation force Kf to take
the form (as per Ref. 4)
Kf = afE − bfS(θf ) (189)
E =
1√
3
I3 (190)
S(θf ) =
1√
6

 0 e
iθf e−iθf
e−iθf 0 eiθf
eiθf e−iθf 0

 (191)
putting opposite signs on the complex components of
Eq. (188) for r → g and r → b, while their overall sign is
chosen positive [noting the minus sign in (189)] to min-
imise the lowest mass obtained when these matrices are
incorporated into the electron mass calculation. Normal-
isation yields an overall colour mapping matrix
Kf =
1√
2
[
E − S
(π
2
)]
. (192)
The preon/boson interaction then takes the form
f ψ
′a˙
K†fσ
µKfψ
′aaa˜µ (λ
A
a˜ )a˙a (193)
or, also taking into consideration boson type aca˜c˜µ ,
f ψ
′a˙
K†fλ
C
c˜ σ
µKfψ
′aaca˜c˜µ (λ
A
a˜ )a˙a. (194)
The colour coefficients Cc1c2c3 in Eq. (142) are then cho-
sen to diagonalise K†fKf . Denoting the eigenvalues of
this matrix as k
(f)
g , g ∈ {1, 2, 3}, the resulting tree-level
expressions for the electron, muon, and tau masses are
meg =
3 k
(f)
g fE(2)QL√
2
(195)
me1 ≡ me, me2 ≡ mµ, me3 ≡ mτ (196)
(where “tree level” refers to the fact that Fig. 3 is a tree-
level diagram and is subject to loop corrections at higher
orders in f).
On computing these masses, mµ and mτ are non-
zero but me is found to vanish. However, a non-
vanishing τ mass and non-vanishing W and Z bo-
son masses (Sec. III F 2) imply the existence of non-
vanishing electroweak corrections to Fig. 3. Taking into
account the evaluation of the weak interaction strength
as per Sec. III G 2, the lowest-order correction is of
O
(
m2τ/m
2
W
)
. Noting that
1 +
m2τ
m2W
=
(
1 + i
mτ
mW
)(
1− i mτ
mW
)
(197)
this generation-dependent correction may be approxi-
mated by a correction to θf of order O (mτ/mW ).
With regard to this construction, and in particular
with the reduction of electroweak corrections to a shift
in θf , it is worth noting several important points:
1. It is known that mass matrices derived
from Eq. (189) are not capable of reproduc-
ing the observed lepton masses precisely.
2. However, the generation-dependent electroweak
correction also cannot be accurately represented by
matrices Kf having form (189).
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3. The best fit to observed values of the lepton masses
obtainable using form Kf is given by setting [4]
bf
af
=
[
3
me +mµ +mτ(√
me +
√
mµ +
√
mτ
)2 − 1
] 1
2
(198)
θf = tan
−1
(√
3
√
mτ −√mµ√
mτ +
√
mµ − 2√me
)
(199)
yielding
bf
af
= 0.999991(10) θf = 47.26718(48)
◦. (200)
4. This best-fit value of θf corresponds to
π
4
[
1 + 2.27910(98)
mτ
mW
]
(201)
which is a correction of a magnitude reasonably
consistent with what might possibly be obtained
from electroweak corrections to Fig. 3.
It would be interesting to further determine the extent to
which Fig. 3 with electroweak corrections may reproduce
the observed lepton rest masses. [Note that electromag-
netic loop corrections to Figs. 1 and 3 also apply, but are
independent of lepton mass so may be factored out into
a generation-independent correction to Eq. (195)].
Also note that the neutrinos acquire no mass through
this mechanism. However, the colour mixing matrix still
admits three distinct eigenvalues (with similar, but not
identical coefficients to the leptons). Two features then
give the appearance of neutrino oscillations: First, gen-
uine neutrino mixing is possible as all neutrinos in this
model are massless. Second, a basis on SU(3)C which is
slightly different to that of the leptons (due to an absence
of mass corrections from electroweak loops) allows for ap-
parent generational change at lepton/neutrino vertices,
giving the impression that the neutrino has changed gen-
erations while propagating through the intervening space
between source and sink.
A similar calculation will also apply for quarks and will
yield this model’s equivalent of the CKM matrix, but is
not explored here.
2. Vector boson masses
For vector bosons, multiple candidates for mass terms
arise from interactions between the propagating boson
and both the background fermion (preon) and boson
fields as shown in Fig. 5. To address each in turn for
a general vector boson V
(†)
µ :
a. Fig. 5(i): The O
(
f2
)
four-boson vertex with two
background fields yields terms with the forms
f2
∫∫
d4xd4y [V †µ (x)V
µ(x)]fg[H
†
ν(x)H
ν(x)]QL (202)
f2
∫∫
d4xd4y [V †µ (x)]fg[H
µ(x)H†ν (x)]QL[V
µ(x)]fg. (203)
FIG. 5. Graph types for interactions between a foreground
vector boson and the background vector boson, scalar bo-
son, and fermion fields. (i) O
(
f2
)
interaction with two back-
ground bosons. (ii) Two consecutive O (f) interactions with
single background bosons. (iii) Two disjoint O (f) interac-
tions, each with two background bosons. (iv) O
(
f2
)
inter-
action with two background scalar bosons. (v) Two disjoint
O (f) interactions, each with six background preons.
Of these, the first term is only present in the Lagrangian
for Vµ 6= V †µ , and the mean-field contribution of the sec-
ond term vanishes as the H
(†)
µ bosons do not appear in
the context of an absolute square. Thus this term may
contribute mass to the W (†) and G(†) bosons but not to
the A or Z bosons, and its contribution to m2W is found
to be on the order of [k
(f)
1 ]
−2m2e (195), with this contri-
bution being unlikely to exceed O
(
m2τ
)
.
b. Fig. 5(ii): This diagram yields terms of the form
−f2
∫∫
d4xd4y (204){
(δµρδνσ + δνρδµσ)[H†µ(x)]QL[V
†
ν (x)∂ρV
′
σ(x)]fg
+ (δµρδνσ + δνρδµσ)[∂µH
†
ν(x)]QL[V
†
ρ (x)V
′
σ(x)]fg
}
×{(δλπδκτ + δκπδλτ )[Hλ(y)]QL[V ′†κ (y)∂πVτ (y)]fg
+ (δλπδκτ + δκπδλτ )[∂λHκ(y)]QL[V
′†
π (y)Vτ (y)]fg
}
.
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In the electron mass interaction of Eq. (173), spinor iden-
tities allowed two spatially separated one-boson interac-
tions to be rewritten as an absolute square. However, no
such identity applies to the terms of Eq. (204), thus this
term vanishes.
c. Fig. 5(iii): This diagram yields terms of the form
−f2
∫∫
d4xd4y (205){
(δµρδνσ + δνρδµσ)[V †µ (x)]fg[H
†
ν(x)∂ρHσ(x)]QL
+ (δµρδνσ + δνρδµσ)[∂µV
†
ν (x)]fg[H
†
ρ(x)Hσ(x)]QL
}
×{(δλπδκτ + δκπδλτ )[Vλ(y)]fg[H†κ(y)∂πHτ (y)]QL
+ (δλπδκτ + δκπδλτ )[∂λVκ(y)]fg[H
†
π(y)Hτ (y)]QL
}
.
By the argument for Fig. 5(ii) above, this is nonvanishing
only for
−f2
∫∫
d4xd4y [V †µ (x)]fg[H
†
ν(x)∂
µHν(x)]QL
×[Vλ(y)]fg[H†κ(y)∂λHκ(y)]QL.
(206)
Note that Fig. 5(iii) is disjoint, with consequence that the
4-momentum of the background fields is not conserved
on a vertex-by-vertex basis but only over the interac-
tion as a whole. This situation is tenable provided the
separation of the vertices is at most of O[L(2)QL]. To a vec-
tor boson Vµ of energy EV ≪ E(2)QL in the rest frame of
the QL, these two vertices appear spatially indistinguish-
able. Integration over y then gives a term equivalent to
Eq. (202), again yielding a contribution to the W (†) and
G(†) boson mass terms m2WW
†
µW
µ and m2GG
†
µG
µ only,
of O{[k(f)1 ]−2m2e} <∼ O
(
m2τ
)
.
d. Fig. 5(iv): This diagram yields terms of the form
− f2
∫
d4x [V †µ (x)V
µ(x)]fg[h
′∗(x)h(x)]QL. (207)
for non-diagonal vector bosons only (Vµ 6= V †µ ). Again
this represents a coupling to the background field of
O
{[E(2)QL]2}, contributing a term of O{[k(f)1 ]−2m2e} <∼
O
(
m2τ
)
.
e. Fig. 5(v): The main contribution to vector boson
masses comes from diagrams of the form of Fig. 5(v).
This diagram is non-vanishing if the two vertices are sep-
arated by a distance less than O[L(1)QL], appearing collo-
cated to a vector boson with energy E ≪ EQL.
Regarding the preon lines in this Figure, note that all
background field propagators are implicitly truncated.
It is the foreground particle which is propagating from
source to sink, and only the background fields at the
point of the interaction vertex are relevant to this pro-
cess. Thus there is no colour-changing matrix Kf associ-
ated with any of the preon lines. Also note that although
vector bosons with energies EV ≪ EQL interact with com-
posite fermions,
• the preons making up these composite particles are
not required to correspond to eigenstates of the
mass interactions for fermions, as these are merely a
representation of the local QL fields, not a descrip-
tion of a stable, propagating low-energy excitation.
[Recall that the energies of the QL fields are on
order O (EQL).]
• Preons other than those directly interacting with
the boson will be integrated out. Normalisation
with respect to the background field (Sec. IIIG 1)
requires this contribution to vanish on average in
the low-energy limit, so the details of these preons
(4-momentum, charge w.r.t. SU(3)C or SU(3)A)
are irrelevant.
Consequently there is no need to consider quark and lep-
ton interactions separately, and each interacting triplet
may be represented by Ψ˜a where a is the charge with
respect to SU(3)A on the interacting preon.
Taking theW (†) boson as an example, the lepton chan-
nel is then straightforwardly
−f2
∫∫
d4xd4y [W †µ(x)]fg[Ψ˜
3
(x)σµΨ˜2(x)]QL
×[Wν(y)]fg[Ψ˜
2
(y)σνΨ˜3(y)]QL.
(208)
Substituting the mean field values E(1)QL for the QL and
integrating over d4y then yields
f2
[
E(1)QL
]2∫
d4xW †µ(x)W
µ(x) (209)
allowing the identification (with background interactions
evaluated at tree level, as per Fig. 5)
m2W = f
2
[
E(1)QL
]2
+O
(
m2τ
)
. (210)
3. Scalar boson mass
The mass of the scalar boson is not addressed in de-
tail in this paper, but it too is capable of interacting with
both the background vector boson and background preon
fields. These interactions are shown in Fig. 6, and once
again the preon interaction dominates with the boson in-
teraction providing a correction of O
(
m2τ
)
. The scalar
boson therefore acquires a mass on the order of the elec-
troweak scale (again consistent with the Higgs boson of
the Standard Model).
Note that although the scalar boson h′ interacts with
two preons and four anti-preons, rather than three and
three as in Fig. 5(v), the proximity of the two interaction
vertices permits the preons to be rewritten as a com-
posite fermion/anti-fermion pair as in the discussion of
Fig. 5(v).
Finally, note that to obtain the fore-
ground/background labelling of Fig. 6(ii), one begins
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FIG. 6. Interactions between a foreground scalar boson and
(i) the bosons and (ii) the preons of the QL.
with an entire-field expression of the form
−f2
∫∫
d4xd4y h′(x)ψ
′a˙1 c˙1
(x)ψ
′
a˙1c˙1(x) (211)
×ψ′a˙2 c˙2(x)ψ′a˙2 c˙2(x)ψ′a1c1(x)ψ′a1c1(x)
×h′∗(y)ψ′a˙3 c˙3(y)ψ′a˙3 c˙3(y)
×ψ′a2c2(y)ψ′a2c2(y)ψ′a3c3(y)ψ′a3c3(y).
In expanding into foreground and QL fields, terms such
as
−f2
∫∫
d4xd4y [h′(x)]fg[ψ
′a˙1 c˙1
(x)ψ
′
a˙1c˙1(x)]fg (212)
×[ψ′a˙2c˙2(x)]QL[ψ′a˙2c˙2(x)ψ′a1c1(x)ψ′a1c1(x)]fg
×[h′∗(y)]QL[ψ′a˙3c˙3(y)ψ′a˙3c˙3(y)]QL
×[ψ′a2c2(y)]fg[ψ′a2c2(y)ψ′a3c3(y)ψ′a3c3(y)]QL
yield an effective though slightly cryptic interaction be-
tween foreground scalar boson and fermion fields pro-
vided
〈ψ′a˙c˙σ0a˙ac˙cψ′ac〉QL ∼ E(1)QL. (213)
4. Summary of boson masses
a. Photon: The photon, A, is associated with a di-
agonal representation matrix (λ3) and therefore attracts
no mass from Figs. 5(i)-(iv). It couples with strength +1
to Ψ˜1 and−1 to Ψ˜2, and thus terms in Fig. 5(v) where the
composite fermions on the upper and lower vertices are
the same cancel those where they are different. Higher-
order (loop) corrections are multiplicative, so the photon
is massless to all orders.
b. Z boson: The Z boson is diagonal so only at-
tracts mass from Fig. 5(v). Incorporating a placeholder
for higher-order corrections involving W (†) bosons (pri-
marily loops, but also with particles bridging from one
half of the diagram to the other), the resulting expression
is
m2Z =
4f2
3
[
E(1)QL
]2 [
1 + O
(
m2W
m2Z
)]
. (214)
Corrections arising due to G(†) boson loops are neg-
ligible for reasons of interaction strength discussed in
Sec. IIIG 2, and no corrections arise due to H(†) boson
loops as foreground H(†) bosons are forbidden by gauge
choice (128b).
c. W boson: TheW boson attracts mass from all of
Figs. 5(i)-(v), with the value of m2W being dominated by
Fig. 5(v). With placeholders for Figs. 5(i)-(iv) and for
higher-order corrections,
m2W = f
2
[
E(1)QL
]2 [
1 + O (α) + O
(
m2τ
m2W
)
+O
(
m2W
m2Z
)]
.
(215)
Ignoring these corrections, Eqs. (214–215) yield
sin2 θW = 1−m2W /m2Z = 0.25. (216)
However, the W boson mass attracts more corrections
than the Z boson and thus this figure will fall when the
masses are evaluated to higher order. Note that in con-
trast to the Standard Model, this model includes cor-
rections to the W :Z mass ratio which do not impact the
electroweak coupling ratio g′/g and thus the weak mixing
angle may be defined either in terms of the electroweak
coupling or of the W :Z mass ratio, but whichever is cho-
sen as defining θW , the expression for the other will differ
significantly from the Standard Model relationship of
sin2 θW = 1− m
2
W
m2Z
tan θW =
g′
g
. (165)
d. G boson The G boson is a massive particle, ac-
quiring mass through the same mechanisms as the W
boson. Its mass satisfies m2G ∼ m2W , though note that
higher-order corrections to the mass diagrams for the G
boson will include electroweak loops with both W and
Z bosons, whereas the W boson only acquires significant
corrections due to the Z boson as couplings to foreground
G bosons are heavily suppressed.
e. H boson There are no foreground H(†) bosons
by gauge choice (128b). Background H(†) bosons may
in principle acquire effective masses through Fig. 5, but
never form persistent quasiparticles (Sec. III D 6) so this
behaviour is of no relevance to the current paper’s study
of the low-energy limit.
f. Scalar boson The scalar boson h′ is a massive par-
ticle, with m2h′ ∼ m2W .
G. Interactions
1. Normalisation of the generating functional
When performing Feynman path integrals describing
the behaviour of foreground fields in the presence of a
background QL, if only the behaviour of the foreground
fields is of interest then it is convenient to normalise
with respect to a generating functional which incorpo-
rates not only all vacuum loop diagrams (as is normally
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FIG. 7. Electromagnetic interaction: Two electrons exchange
a photon.
the case), but also all interactions involving only particles
from the background field, and all different ways in which
the background sources/sinks can be connected. When
using such a normalisation, the background fields are im-
plicitly assumed to remain unchanged over the length and
time scales associated with the process being studied, as
is largely appropriate in the low-energy limit. (Minor
caveats apply, as already discussed, in two-vertex mass
interactions of foreground particles, where the QL may
remain unchanged only with respect to the process as a
whole, and also in preon propagators where colour re-
mains unchanged only for species which diagonalise the
colour-changing K matrix [for leptons, Kf in Eq. (189)].
2. Electroweak interactions
Consider now the electromagnetic interaction shown
in Fig. 7. The raw factor associated with each vertex
is f/
√
2 = g/2. However, emission of a foreground
photon represents a singularity with respect to gauge
choice (131b) implying that the photon terms of the QL
may be locally non-vanishing. Maximisation of entropy
implies it adopts the usual parameterisation in terms of
E(2)QL and 〈NQL〉 (Sec. III C). An emitted photon with en-
ergy Eγ ≪ E(2)QL, meanwhile, is characterised by a length
scale Lγ ≫ L(2)QL and thus its wavefunction will have non-
vanishing overlap with all QL photons within a region
characterised by length- and timescales Lγ in the rest
frame of the QL. Therefore, in addition to the photon
shown in the emission process of Fig. 7 there are also
many further photon vertices present corresponding to
the presence of these background QL fields (not shown).
Let the number of such vertices be Nγ .
However, as noted in Sec. III D 5, the autocorrelation
length of the QL field is of order L(2)QL and within this
correlated region there are on average only 〈NQL〉 ≪ Nγ
photons. For definitiveness, choose this region to be cen-
tred around the additional photon sink introduced on
account of foreground photon emission.
Now consider a diagram in which the emitted photon
is connected to a photon sink at a distance greater than
L(2)QL from this epicentre. This sink is necessarily one of
the Nγ pre-existing photon sinks associated with the QL.
As the emitted photon is now connected to this sink, a
photon source in the vicinity of this sink (which would
otherwise, in the absence of the emission process, have
been connected to this sink) must now instead be con-
nected to the additional sink at the origin (or alterna-
tively, a series of n photons must each be switched to
sinks an average distance of L(2)QL/n closer to the origin
in a correlated fashion). In either case this is associ-
ated with QL correlators over distances greater than L(2)QL,
which must therefore vanish. Diagrams associated with
photon emission are therefore non-vanishing only when
the emitted photon is connected either to the sink in-
troduced specifically on account of this emission process,
or to one of the 〈NQL〉 photon vertices within a time
and distance of L(2)QL in the rest frame of the QL. In ef-
fect, the 〈NQL〉 correlated photons in the vicinity of the
emission process act to stimulate emission and the net
factor associated with the emission process is therefore
f(〈NQL〉+ 1)/
√
2.
Propagation from one electron to the other necessar-
ily preserves unitarity, and is followed by absorption. In
contrast to emission, this is only associated with a fac-
tor of f/
√
2 as there are 〈NQL〉 + 1 bosons in the vicin-
ity of the interaction vertex which can be absorbed, but
only one out of these 〈NQL〉 + 1 interactions completes
a diagram representing a non-local photon-mediated in-
teraction with the other electron, for a cancelling factor
of 1/(〈NQL〉+ 1). (The other 〈NQL〉 diagrams represent
scattering off the background field while a foreground
virtual photon propagates past without interacting.)
The total factor associated at tree level with the
electromagnetic interaction is therefore f2(〈NQL〉+ 1)/2.
Taking into account higher-order electromagnetic loop
corrections (which are identical to the Standard Model)
yields
f2(〈NQL〉+ 1)
2
(1 + ae)
2 = α (217)
where ae is the anomaly of the electron magnetic mo-
ment,10 and the factor of (〈NQL〉+1) arises due to stim-
ulated emission in the presence of the photons of the
QL. A similar treatment applies to the exchange of W or
Z bosons. This causes the electroweak couplings to be
augmented by a factor of 〈NQL〉, as earlier indicated in
Sec. III E 2 d. Defining
g =
√
2f(〈NQL〉+ 1) 12 (218)
g′ =
2f(〈NQL〉+ 1) 12√
6
=
g√
3
(219)
(and recalling the discussion in Sec. III E 2 d of higher-
order corrections to sin2 θW ), an effective Lagrangian
10 The present model and the Standard Model may diverge at the
level of electroweak corrections to the anomalous magnetic mo-
ment due to discrepancies in the electroweak sector coupling as
discussed in Sec. III F 4 c. Such corrections are presently below
the threshold of detection.
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may be written down for the interactions of the fore-
ground fields only, with the role of the QL being sub-
sumed into the mass terms and the enhanced couplings
of the bosons of the electroweak sector:
Dµ := ∂µ − if〈NQL〉 12 aa˜µλAa˜
= ∂µ − i g√
2
aa˜µλ
A
a˜
(220)
FAµν := Dµa
a˜
νλ
A
a˜ −Dνaa˜µλAa˜ (221)
= ∂µa
a˜
νλ
A
a˜ − ∂νaa˜µλAa˜ −
ig√
2
[
aa˜µλ
A
a˜ , a
b˜
νλ
A
b˜
]
Lfg = L
(fg)
6∂ +L
(fg)
b +L
(fg)
GSW+L
(fg)
G +L
(fg)
m (222)
L
(fg)
6∂ = i[Ψ6∂Ψ]fg
= i[eR 6∂ eR]fg + i[eL 6∂ eL]fg + i[νe 6∂ νe]fg
(223)
L
(fg)
b = −
1
4
Tr [FAµνFAµν ]fg (224)
L
(fg)
GSW = −g′
(
[eRσ
µeR]fg+
1
2
[eLσ
µeL]fg+
1
2
[νeσ
µνe]fg
)
[Bµ]fg
+
g
2
([νeσ
µνe]fg − [eLσµeL]fg) [W 3µ ]fg (225)
+
g√
2
([eLσ
µνeWµ]fg + h.c.)
L
(fg)
G =
g√
2(〈NQL〉+ 1)
(
[eRσ
µνeG
†
µ]fg + h.c.
)
(226)
L
(fg)
m = m
2
W [W
†
µW
µ]fg +m
2
G[G
†
µG
µ]fg +m
2
Z [ZµZ
µ]fg
+
∑
ℓ∈{e,µ,τ}
mℓ
(
[ℓRℓL]fg + [ℓRℓL]fg
)
(227)
[Aµ]fg =
g′[W 3µ ]fg + g[Bµ]fg
(g2 + g′2)
1
2
[Zµ]fg =
g[W 3µ ]fg − g′[Bµ]fg
(g2 + g′2)
1
2
.
(228)
As before, expansion of L(fg)b and substitution according
to Eqs. (151–155), this time accompanied by elimination
of [H
(†)
µ ]fg, yields appropriate boson interactions for the
electroweak sector. Note that the right-handed weak in-
teraction is not eliminated entirely but is suppressed rel-
ative to the left-handed weak interaction by a factor of
〈NQL〉− 12 ∼ 10−18–10−21.
3. Scalar boson interactions
As noted in Sec. III F 3, the interactions of the scalar
boson are somewhat cryptic. In addition to the vertex
−f2
∫∫
d4xd4y [h′(x)]fg[ψ
′a˙1 c˙1
(x)ψ
′
a˙1c˙1(x)]fg (212)
×[ψ′a˙2c˙2(x)]QL[ψ′a˙2c˙2(x)ψ′a1c1(x)ψ′a1c1(x)]fg
×[h′∗(y)]QL[ψ′a˙3c˙3(y)ψ′a˙3c˙3(y)]QL
×[ψ′a2c2(y)]fg[ψ′a2c2(y)ψ′a3c3(y)ψ′a3c3(y)]QL
which yields an effective interaction between foreground
scalar boson and fermion fields provided
〈ψ′a˙c˙σ0a˙ac˙cψ′ac〉QL ∼ E(1)QL (213)
(a condition which, in truth, appears unlikely to be sat-
isfied at energy scales E ≪ EQL), other candidate in-
teraction vertices for the scalar field which are valid at
electroweak scales include
fh′ΨΨ+ h.c. (229)
and
fh′ΨΨ+ h.c., (230)
both of which are remarkable for (i) violating conserva-
tion of spin and (ii) containing unequal numbers of holo-
morphic and antiholomorphic components, but in con-
trast to Eq. (212), have no unpaired indices.
4. Gravitational interaction
The final effect to elaborate is the gravitational inter-
action, which arises as a result of a change of gauge on
the SL(2,C) subgroup of GL(18,C) first referenced in
Sec. III E 1 b. As remarked earlier, the initially adopted
“flat” gauge in which the Christoffel symbols vanish
is motivated geometrically rather than being associated
with the field content of the model. In the present Sec-
tion an alternative gauge is presented which is motivated
by the field content, and which serves to eliminate this re-
maining piece of evidence for the background (QL) field.
Consider a neutral body B composed of protons, neu-
trons, and electrons. Over macroscopic distances the
electromagnetic monopole potential [Aµ]fg vanishes due
to the zero net electromagnetic charge. In contrast, how-
ever, the dipole field [AµAν ]fg, which is made up of pho-
ton pairs emitted by a dipole source, is non-vanishing.
Let N be the number of electromagnetic dipoles (proton-
electron pairs) in B, and let Rnp be the ratio of neutrons
to protons, for total mass
M = N(mp +me +Rnpmn). (231)
Ignoring the neutrons, and recognising that the charged
source particles may be distinguished by position, there
are 2N distinct ways for two photons to be emitted by
the same source particle (with coefficient α), N2 dis-
tinct ways for two photons to be emitted by different
source particles with opposite charge (coefficient −α),
and N2−N distinct ways for two photons to be emitted
by different source particles with the same charge (coef-
ficient α) for a net electromagnetic dipole field
[AµAν ]fg =
Nα
r2
δµ0δν0 (232)
in the rest frame of the source. Assume that the matter
source behaves as a perfectly randomly oriented and dis-
tributed dipole, allowing van der Waals-type effects to be
32
FIG. 8. Box diagram: Both photons are emitted and absorbed
by the same fermion in the source and the same fermion in
the sink.
ignored. Taking advantage of cancellations between two-
photon source terms, the interaction between two neu-
tral bodies by exchange of photon pairs may be written
entirely in terms of box diagrams where both photons
are emitted or absorbed by the same charged fermion
(Fig. 8). This implies that momentum transfer mediated
by the dipole interaction must vanish.
Now introduce the virtual photon decay process
A −→ G†G (233)
which may act on either photon in the two-photon field.
This process is extraordinarily rare, being weaker by
a factor of 〈NQL〉− 12 (between 10−18 and 10−21) than
the interactions of the electroweak sector, and conse-
quently need only be considered to first order over non-
cosmological scales except in regions of very high G(†)
density. In contrast to interactions between the A and
W (†) fields, which are also present in the Standard Model,
interactions between the A and G(†) fields are therefore
effectively a one-way process at most length and energy
scales. (Interactions over very small and very large scales,
where the assumption of irreversibility breaks down, are
discussed in Sec. IVH.)
To evaluate the consequence of this process for the
[AµAν ]fg field, consider propagation of a single photon
pair from a radius r to r+dr in the flat gauge, where dr
is infinitesimal and thus only a single vertex lies between
r and r + dr. This vertex may be an interaction, or it
may be the propagator vertex associated with the bo-
son spatiotemporal derivative operator (represented by a
triangle, △).
If decay process (233) is ignored, this propagation is
associated with transformation of the [AµAν ]fg field ac-
cording to
[AµAν ]fg −→ [AµAν ]fg + d[AµAν ]fg
= [AµAν ]fg
(
1 +
d[AµAν ]fg
[AµAν ]fg
)
= [AµAν ]fg
(
1− 2dr
r
) (234)
and the factor (1−2dr/r) is geometric in origin so applies
identically to the field associated with a single photon
FIG. 9. Two diagrams corresponding to the propagation of a
foreground photon pair from r to r + dr.
FIG. 10. Two diagrams describing the decay process A −→
GG† (233) in the context of foreground photon pair propaga-
tion. G(†) bosons are dotted.
pair or to [AµAν ]fg as a whole. In diagrammatic form,
propagation of a single photon pair from r to r + dr is
given to tree level by Figs. 9(i)-(ii).
Next, consider decay process (233)—shown to tree
level in Figs. 10(i)-(ii)—in which a virtual photon within
a single photon pair decays into a pair of virtual G(†)
bosons. This process also causes attrition of the two-
photon field, and the appropriate decay factor for a pair
of photons arising from a single dipole (one positive
charge, one negative charge) may be computed by evalu-
ating the ratio of the amplitudes associated with Figs. 9
and 10, denoted I(r). For an extended source such as
body B, made up of N neutral pairs, the number of de-
cay channels in the numerator is then multiplied by a
factor of N corresponding to an effective N -fold source
degeneracy (after cancellations have been accounted for)
while the denominator remains unchanged, correspond-
ing to non-decay of the photon pair which appears in the
numerator. More sources emit more photons, resulting in
more decay events. [For an alternate but equivalent pic-
ture of the same physical process, consider a numerator
in which a source with net N -fold degeneracy emits N
pairs and a sum is taken over the N different diagrams
in which one of these pairs decays. The denominator
consists of a single diagram in which the source emits N
pairs and none decay. Cancellation of common factors
again yields NI(r).]
As mentioned above, NI(r) is the ratio of the de-
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FIG. 11. Expression for I(r).
FIG. 12. Simplified expression for I(r). Propagators may be
assumed truncated as dr is infinitesimal.
cay term to the geometric term in d[AµAν ]fg. The two-
photon field [AµAν ]fg therefore satisfies
[AµAν ]fg −→ [AµAν ]fg
(
1 +
d[AµAν ]fg
[AµAν ]fg
)
= [AµAν ]fg
(
1− 2dr
r
− 2NI(r)dr
r
) (235)
where the tree-level graphical expression for I(r) is given
by Fig. 11. For infinitesimal dr the ratio of the integrals
is given by the ratio of the integrands, and simplification
and elimination of common factors yields Fig. 12.
When considering the propagation of foreground par-
ticles across macroscopic distances, the presence of the
background fields may in general be neglected save for
the mass terms which arise from the mean-field interac-
tions as described in Sec. III F. In the evaluation of I(r),
however, the interval dr is not macroscopic, and care
must therefore be taken that the expression for I(r) aris-
ing from Fig. 12 is written initially in terms of the total
fields, with these then being expanded into foreground
and background components,
Aµ → [Aµ]fg + [Aµ]QL
Gµ → [Gµ]fg + [Gµ]QL. (236)
In the evaluation of Fig. 12, particular care must be taken
when when a derivative operator acts on a total photon
field, ∂µAν , and application of expansion (236) yields
∂µAν → ∂µ([Aν ]fg + [Aν ]QL) (237)
in both the numerator and the denominator of I(r). The
QL photon field is nonvanishing because the presence of a
foreground photon field indicates the presence of a singu-
larity in gauge choice (131b). In the isotropy frame of the
QL, if evaluation of the derivative operator in ∂µ[Aν ]QL
is averaged across an arbitrary number of intervals dr
then it satisfies
〈‖i∂µ‖〉[Aν ]QL = (hc)−1E(2)QLδ0µ[Aν ]QL (238)
but
〈i∂µ〉[Aν ]QL = 0. (239)
However, the process of photon decay is always attri-
tive and any phase arising from interaction with the
background field is associated with the decay prod-
ucts [AGG†]fg and not with the remaining undecayed
[AµAν ]fg field. Consequently it is the magnitude, and
not the signed value, of the momentum i∂µ which is em-
ployed when determining I(r).11 Provided the energy of
the foreground photon is small in the isotropy frame of
the QL when compared with E(2)QL, evaluation of all par-
tial derivatives in I(r) (including those where ∂µ acts on
G
(†)
µ ) is then dominated by the QL term (238) and thus
∂µAν in I(r) may be approximated in the isotropy frame
of the QL by
i∂µAν −→ E(2)QLδµ0([Aν ]fg + [Aν ]QL). (240)
Once this substitution is made, for consistency with the
physical process shown in Fig. 12 only terms involv-
ing foreground fields [Aµ]fg, [Gµ]fg, and [G
†
µ]fg shown in
Fig. 12 are retained. The other terms are discarded as
they do not relate to the physical process under study (if
involving [Aµ]QL), or vanish (if involving [G
(†)
µ ]QL).
To give an interpretation to identification (240), this
substitution may be understood as allowing the deriva-
tive operator to act on any of the photons which are
present, regardless of whether they are in the foreground
field or the QL. No matter which photon the derivative
operator acts on, the resulting expression is still capable
of yielding a decay process for foreground fields as per
Fig. 12 when expansion (236) is multiplied out and the
terms involving [Aµ]fg, [Gµ]fg, and [G
†
µ]fg are retained.
This situation is unusual, in that the contribution to the
derivative operator arising from the background fields
normally vanishes. In general when studying the be-
haviour of the foreground fields, the QL contributions
are summed—with sign—over some finite length scale
∆r ≫ L(2)QL and therefore go to zero. The characteristics
of the current foreground field process which allow the
background contribution to persist are:
1. It is evaluated over a length scale dr, which is in-
finitesimal.
11 In contrast, this sign would be retained if attempting to explicitly
evaluate the values of the Gµ(r) and G
†
µ(r) fields.
34
2. Figure 10 is interpreted merely as a nonunitary de-
cay process of the [AµAν ]fg field (with decay prod-
ucts being ignored), allowing the sign of the back-
ground field (which is associated with these decay
products) to be ignored.
Having performed both expansion (236) and substitu-
tion (240), and retained only those terms in the resulting
expansion which correspond to the propagation and/or
decay of a foreground two-photon field, evaluation of I(r)
then yields
I(r) =
2−
1
2NfE(2)QL
{
[Aµ(r)G
†
0(r)G
µ(r)]fg − [Aµ(r)G†µ(r)G0(r)]fg
}
[
E(2)QL
]2
([Aµ(r)Aµ(r)]fg − [A0(r)A0(r)]fg)
. (241)
To further evaluate this expression, note that the mat-
ter source and two-photon field from origin to r (incorpo-
rating both geometric attrition and the effects of photon
decay at radii r′ < r) may collectively be viewed as an ex-
tended source for the G
(†)
µ fields arising at r. Over length
scale dr the G
(†)
µ bosons do not interact with the QL and
so may effectively be considered massless, allowing them
to be associated with factors of 1/r in the rest frame of
that source, as per Eq. (13). Assuming that the source
is at rest in the isotropy frame of the QL, Eq. (241) is
formally undefined but may be approached in the limit
that the velocity of the source goes to zero, yielding
I(r) = − f√
2E(2)QLr
(242)
giving
[AµAν ]fg −→ [AµAν ]fg
[
1− 2dr
r
+
√
2Nf dr
E(2)QLr2
]
. (243)
This is the infinitesimal form of a two-photon field
[AµAν ]fg ∝ 1
r2
exp
[
−
√
2Nf
E(2)QLr
]
, (244)
which—if [AµAν ]fg is non-vanishing—necessarily medi-
ates non-vanishing momentum transfer between source
and sink. In contrast, the residual photon in Fig. 10
is equally likely to have originated from a positively or
negatively charged fermion in the source and thus on av-
erage the monopole field associated with these residual
photons mediates no net electromagnetic force. Finally,
theG
(†)
µ bosons acquire mass on the electroweak scale and
thus the G(†) fields arising at the photon decay vertices
fall off exponentially while the defect in the two-photon
field resulting from the decay process propagates as r−2.
They are also extremely weakly interacting in compari-
son with the photon field. Neither the residual photon
nor the G(†) pair field are able to compensate for the de-
fect in the electromagnetic dipole field. The momentum
transfer persists on summing across all species, and is not
just an artefact of considering only the [AµAν ]fg field.
Noting that evaluation of I(r) makes use of the sub-
stitution ∂µ → E(2)QLδµ0 which implicitly reveals the exis-
tence of the background fields, a choice of gauge (or more
accurately, of co-ordinate frame on R0|18) is now made
which eliminates the momentum transfer and conceals
the decay process. This choice of gauge may either be
considered as a passive or an active process. In the pas-
sive form, the flat gauge is retained and the assumption is
made that an observer, being unaware of the photon de-
cay process, incorrectly infers the presence of space–time
curvature from the transfer of momentum between two
electromagnetically neutral bodies. In the active form, a
choice of co-ordinate frame is adopted on R0|18 in which
the inherited co-ordinate frame on the space–time sub-
manifold M has non-vanishing curvature but G†0G0 is
everywhere zero in the rest frame of the QL save per-
haps at some singularities. A conceptual parallel may
be drawn between the passive form of this regauging and
early attempts to quantise general relativity, in which the
metric tensor gµν was promoted to a spin-2 field on an
underlying flat metric. Similarly, in the present model
the spin-2 field G†µGν may be directly related to the
resulting implied curvature.
It should be noted, however, that even in the active
form of this choice of gauge, the adoption of a co-ordinate
frame with nonvanishing curvature does not imply the ex-
istence of a curved space–time. However, if a species of
particle on a flat manifold propagates along the geodesics
of a co-ordinate frame with non-vanishing curvature, then
so long as the mechanism enforcing this behaviour re-
mains undetectable, this is physically indistinguishable
from propagation along a geodesic of a co-ordinate patch
on a curved manifold where any curvature tensors reflect
curvature of the manifold itself. To distinguish between
a curvilinear co-ordinate frame on a flat manifold and a
curved manifold therefore requires detection of the G
(†)
µ
bosons, preferably in a context which does not allow rein-
terpretation as quantisation of a general relativity curva-
ture parameter such as the metric gµν or the vierbein
eaµ.
Where the curvature of the co-ordinate frame ad-
mits (mis)interpretation as curvature of a manifold, this
curved manifold will be referred to as M˜ .
To evaluate the metric of the induced co-ordinate
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frame (or equivalently, the metric on M˜ inferred by the
unaware observer), recognise that Eq. (244) reduces to
the form of Eq. (232) under the co-ordinate transforma-
tion
r′ = r exp
[
Nf√
2E(2)QLr
]
θ′ = θ
φ′ = φ
t′ = t exp
[
− Nf√
2E(2)QLr
] (245)
where the transformation of the time co-ordinate is de-
termined by requiring that the volume form remain un-
changed (as the dilation coefficient of the GL(2,C) sym-
metry is fixed elsewhere). For r ≪ Nf/E(2)QL, if GN is
defined as
GN =
f√
2E(2)QL(mp +me +Rnpmn)
(246)
then this co-ordinate transformation yields the
Schwarzschild metric for a nonrotating spherically
symmetric source,
ds2 =
(
1− 2GNM
c2r′
)
dt′ 2 +
(
1 +
2GNM
c2r′
)
dr′ 2
+ r′ 2
(
dθ′ 2 + sin2 θ′dφ′ 2
)
.
(247)
Of course, to identify this momentum transfer and
induced co-ordinate frame with a gravitational field re-
quires more than just the reproduction of a single metric.
• In all circumstances currently subject to experi-
mental verification, the propagation of free matter
and fields must be consistent with the geodesics of
the metric (see below).
• Other experimentally verified metrics (and gravita-
tional waves) must be generated in their appropri-
ate contexts (see Secs. IV I and IVJ).
a. Photons: The observable universe is dominated
by neutral matter made up of charged components.
Where free charged particles exist, their electromag-
netic monopole fields are merely small perturbations on
the background electromagnetic dipole field supported
by neutral matter. Photon decay may affect both the
monopole and the dipole field, but the rate for both is
primarily governed by the number density of the dipole
field. Consequently the monopole field experiences the
same decay profile as the dipole field and exhibits an r−1
profile on the same curved manifold. A similar argument
holds for propagating photons, and thus these propagate
according to geodesics on the induced manifold M˜ as de-
sired. Photons act as a good probe of the curvature of
M˜ .
b. Low-energy baryonic matter: By construction,
when extended bodies of baryonic matter made up of
protons, neutrons, and electrons, with neutron-to-proton
ratio Rnp, interact with each others’ photon dipole fields,
this interaction suffices to ensure that their propaga-
tion follows geodesics on M˜ consistent with their inertial
mass. However, note that the value of GN is experi-
mentally determined in a terrestrial context where ratio
Rnp is dominated by the neutron-to-proton ratio of el-
ements such as iron, appearing near the middle of the
periodic table. Atomic matter having substantially dif-
ferent neutron-to-proton ratios will therefore break the
weak equivalence principle. In particular, hydrogen gas
will gravitate substantially more strongly than would be
predicted from its inertial mass and this may go some
way to explaining the apparent existence of dark mat-
ter in a hydrogen-rich astronomical setting. Note that
the value of GN calculated in terrestrial experiments
is not strongly dependent on the material of the test
mass—rather, it depends on the neutron-to-proton ratio
of the matter dominating the local dipole field, namely
the Earth as a whole, with corrections arising from other
bodies whose gravitational interactions are strong enough
to produce noticeable variation in the Earth’s measured
surface gravity, i.e. Sun and Moon. The instrument and
test mass composition represents only a further small per-
turbation on top of this.
c. High-energy baryonic matter Exotic matter in-
corporating quarks and leptons from higher generations
is expected to violate the weak equivalence principle, as
the inertial masses of the resulting baryons and leptons
are increased without any effect on the photon dipole
field.
Conventional baryonic matter made up of protons,
neutrons, and electrons may also possibly break the weak
equivalence principle when accelerated to velocities where
its energy as measured in the isotropy frame of the QL
approaches the strong scale. At this scale, quark sub-
structure cannot be ignored and the effective number of
components making up the source of the dipole field is
increased—with this effect being further complicated by
the introduction of fermions having charges other than
±e.
d. Massive bosons and free fermions: These parti-
cles are all expected to break the weak equivalence prin-
ciple. It is worth noting that a similar decay channel
Z −→ GG† exists in the electroweak sector, so even
neutral particles such as neutrinos will not propagate
on M according to the metric of the flat gauge, but
all of these particles exhibit individual (electromagnetic
or weak) charge-to-mass ratios which differ substantially
from that of neutral atomic matter. Consequently all will
propagate with their own unique gravitational coupling
constants (or equivalently, with their own unique ratio
of gravitational to inertial mass). Given the exponential
decay of the Z boson field, it is expected that the photon
sector will dominate for normal baryonic matter.
Significantly, with the exception of gravitational effects
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in an astronomical context, none of these violations of the
weak equivalence principle have yet been subject to ex-
perimental test. It would be interesting to determine the
extent to which observations of dark matter are consis-
tent with an enhanced gravitational interaction in deep
space settings where hydrogen is the dominant source of
the dipole field.
IV. OBSERVATIONS AND SPECULATIONS
A. Solving the model
Sufficient relationships have now been derived to ex-
press the parameters of the model in terms of parameters
of the Standard Model. A convenient parameterisation
is in terms of f , 〈NQL〉, E(1)QL, E(2)QL, and k(f)1 , though in
principle it is possible to eliminate the latter parameter
by obtaining an analytic expression for mℓ, ℓ ∈ {e, µ, τ}.
Collecting the appropriate relationships from above and
including placeholders for higher-order corrections where
not previously specified,
me =
3k
(f)
1 fE(2)QL√
2
[
1 + O (α) + O
(
m2e
m2W
)]
(195b)
m2W = f
2
[
E(1)QL
]2 [
1 + O (α) + O
(
m2τ
m2W
)
+O
(
m2W
m2Z
)]
(215)
α =
f2(〈NQL〉+ 1)
2
(1 + ae)
2 (217)
GN =
f√
2E(2)QL(mp +me +Rnpmn)
×
[
1 + O (α) + O
(
m2p
m2W
)] (246b)
these may be solved to yield
f =
√
2GNmemx
3k
(f)
1
[
1 + O (α) + O
(
m2e
m2W
)
+O
(
m2p
m2W
)]
, 10−22 <∼ f <∼ 10−19 (248)
〈NQL〉 = 3k
(f)
1 α
GNmemx
[
1 + O (α) + O
(
m2e
m2W
)
+O
(
m2p
m2W
)]
− 1, 1036 <∼ 〈NQL〉 <∼ 1041 (249)
E(1)QL =
√
3m2Wk
(f)
1
2GNmemx
[
1 + O (α) + O
(
m2e
m2W
)
+O
(
m2p
m2W
)
+O
(
m2W
m2Z
)]
, 1021 GeV <∼ E(1)QL <∼ 1023 GeV
(250)
E(2)QL =
√
me
3k
(f)
1 GNmx
[
1 + O (α) + O
(
m2e
m2W
)
+O
(
m2p
m2W
)]
, 1017 GeV <∼ E(2)QL <∼ 1020 GeV (251)
where
mx = mp +me +Rnpmn (252)
with Rnp = 1.130810(76) approximating the mean
neutron-proton ratio of terrestrial iron. Order-of-
magnitude figures have been obtained by setting
me
mτ
≤ k(f)1 ≤ 1, (253)
and both E(1)QL and E(2)QL are seen to be comparable to the
Planck scale
EP = 1√
GN
= 1.220910(28)× 1019 GeV. (254)
B. Privileged nature of R1,3 submanifolds
Why should the effective field theory on an R1,3 sub-
manifold enjoy privileged status? One possible reason is
as follows:
Off-shell Grassman-valued rank-two (Weyl) spinors are
associated with four degrees of freedom, and possess a
global SL(2,C) symmetry. Combined pairwise, they may
be used to construct rank-four real vector bosons which
also possess four degrees of freedom off-shell, and exhibit
a global SO(1, 3) symmetry. As is well-known, the corre-
sponding Lie algebras sl(2,C) and so(1, 3) are isomorphic
and SL(2,C) is a double cover of SO(1, 3). Both algebras
may be used to describe rotations and boosts on R1,3,
leading to a situation where both the spinors and the
vector bosons appear to inhabit the same effective man-
ifold in the low-energy limit.
This situation (where spinors and vector bosons pos-
sess the same number of off-shell degrees of freedom
and their associated Lie algebras are isomorphic, allow-
ing them to represent particles on the same manifold)
is not replicated for any other value of n in SL(n,C),
1 ≤ n ≤ 18, uniquely favouring as a low-energy descrip-
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tion the presented theory of rank-two Weyl spinors and
associated vector bosons on R1,3.
C. Collapse of the wavefunction
The present paper has concerned itself with the devel-
opment of a semiclassical field theory capable of describ-
ing a family of particles and interactions not obviously
inconsistent with existing experimental tests of the Stan-
dard Model and general relativity. While the construc-
tion of this model as a supersymmetric extension of a field
theory on a point manifold guarantees renormalisability,
if this model is to admit promotion to a full quantum
field theory then it must also incorporate a consistent
account of wavefunction collapse.
This presents a particular problem as the underlying
microscopic model is that of a scalar field on R0|18, a
manifold which is intrinsically timeless and admits mix-
ing of any of its (Grassman) axes under symmetry group
GL(18,C). It is therefore meaningless to talk about evo-
lution of the field state on GL(18,C) as a whole, and
observer-mediated wavefunction collapse as an ontologi-
cal event (as in the Copenhagen interpretation) is neces-
sarily excluded. Instead, effective collapse of the wave-
function must be realised through an epistemological pro-
cess such as decoherence. In this picture, quantum me-
chanical correlations are not truly lost in a collapse event
but instead become distributed across a reservoir of suf-
ficient magnitude that the likelihood of their meaning-
ful participation in any further measured processes be-
comes statistically negligible. This reservoir is typically
assumed to comprise redundant degrees of freedom as-
sociated with the observer’s perceptual system but not
influencing the outcome observed (e.g. excitation states
of non-critical molecules in the observer’s physiology).
In the present model it is possible this may also be com-
plemented by dissemination of correlations among the
extremely numerous and chaotic particles of the back-
ground QL.
D. Single vs. dual ontology
The present paper employs a dual-ontology model
where there exist two sources of uncertainty relative to
classical behaviour of the fields on R1,3. The first is,
of course, intrinsic quantum uncertainty, permitting in-
tegration over all values for intermediate momenta. The
second is statistical, corresponding to fluctuations in par-
ticle momenta due to interactions with the background
fields within R1,3. Within R1,3 these fields are inherently
unpredictable: Their energy scale defines the threshold
at which interactions inhabiting the R0|18 bulk cannot
be neglected. Furthermore, although the mean energies
associated with interactions with these fluctuations are
given by E(1)QL and E(2)QL, transient fluctuations may poten-
tially exceed even this value.
It remains an open question whether both of these
sources of uncertainty in the momenta of the foreground
fields are in fact necessary, or whether the fluctuations in
foreground momenta arising from interactions with the
unrecognised background fields are in fact responsible for
the “intrinsic” uncertainty of quantum mechanics.
It should be noted that this proposition is neither a lo-
cal hidden variable theory (the ability for fluctuations to
propagate through the background field at c in a corre-
lated fashion makes any information transferred to the
background fields effectively inherently non-local) nor
does elimination of intrinsic uncertainties reduce it to a
classical model, as expectation values continue to corre-
spond to probability amplitudes (with apparent collapse
of the wavefunction necessarily being realised through de-
coherence). Instead, it occupies a curious middle ground
as a deterministic model capable of realising many of the
observed features of quantum theory.
This reduction to a single ontology is not necessary to
the immediate study of the model presented in the rest
of the paper, but might be of interest as a conceptual
question in its own right.
E. Isotropy frame of the QL
Over the course of this paper, it is argued that the
physics of the observable universe may be modelled by
the effective behaviour in the low-energy limit of the
quantum dust Lagrangian (19). In this limit the fields
of the model admit a relatively unambiguous decompo-
sition into foreground and QL components (Sec. III C 3),
and it is assumed that the inertial frame of the foreground
fields (corresponding to observable matter) is close to the
isotropy frame of the QL. The present paper does not ex-
plore the cosmology of the quantum dust model, but if
it is assumed that this model is also capable of describ-
ing an expanding universe (perhaps, for example, due
to a decrease with time of the universal reference length
scale ℓQL, or through the bulk manifold having intrin-
sic hyperbolic geometry rather than being R0|18 as has
been assumed), then there exists a historical era in which
decomposition of fields into foreground and QL compo-
nents is not well-defined. If the expansion and cooling
of the universe is assumed to give rise to a macroscopi-
cally homogeneous and isotropic segregation of fields into
foreground and QL components, then the rest frame of
the QL will correspond to that of the observable material
universe.
Measurements of the cosmic microwave background
(CMB) radiation dipole provide a convenient probe of
the isotopy frame of the material universe at the time of
last scattering. If all observable matter and radiation in
the present era is assumed to correspond to foreground
field excitations in the final effective Lagrangian derived
from the quantum dust model, then the isotopy frame of
the foreground fields (and hence of the background QL)
may be assumed to correspond to the isotopy frame of
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the cosmic microwave background radiation. For a mean
CMB temperature of [5]
TCMB = 2.72548(57) K (255)
with a dipole of [6]
δTCMB = 3.355(8)× 10−3 K (256)
the local velocity of Earth with respect to this privileged
frame is found to be 3.69(1)× 103 ms−1, corresponding
to a boost parameter of
β =
v
c
= 0.001230(3). (257)
At several points in this paper, most notably when
generating rest masses (Sec. III F) and in the determi-
nation of I(r) in Sec. III G 4, steps in calculations have
been qualified by the requirement that a particle be “suf-
ficiently close” to being at rest in the isotropy frame of
the QL. This condition is satisfied provided the particle’s
energy in the isotropy frame is small compared to EQL.
Conversely, for a particle to experience significant frame-
dependent effects its velocity must be sufficient that its
energy in the isotropy frame is no longer small compared
to EQL. At these energy scales all composite particles
break down into their constituents, so the probe em-
ployed must be a fundamental particle.
The heaviest known fundamental particle is the top
quark, with a rest mass of 173.0(4) GeV [1]. For its en-
ergy to approach the lowest possible value of EQL, corre-
sponding to E(2)QL ∼ 1017 GeV in Eq. (251), it must attain
a boost of
β =
√
1−m2t c4
[
E(2)QL
]−2
(258)
⇒ v = (1− 2× 10−31) c, (259)
and this value is even higher for lighter particles. Thus
any anisotropy in physics arising due to velocity relative
to the isotropy frame of the QL is undetectable in all
regimes currently accessible to experiment.
F. Dark matter
The model presented in this paper contains at least
two possible contributions to dark matter-like effects.
The first is a pair of massive particles, the G
(†)
µ bosons,
which mediate a right-handed weak interaction. Their
couplings, both to the fermion and boson sector, are
weaker than those of the W
(†)
µ bosons by a factor of√〈NQL〉+ 1—corresponding to an electrical charge of at
most
qG = ± |e|〈NQL〉+ 1 = ±10
−18 |e|. (260)
Their inertial mass is equivalent to that of the W boson,
but their gravitational coupling is likewise suppressed by
around 18 orders of magnitude.
The second effect contributing to the appearance of
dark matter is the enhancement of the gravitational in-
teraction in regions where hydrogen gas is the dominant
source of the electromagnetic dipole field. In general this
effect may therefore be expected to act on galactic scales,
with a caveat that—depending on the proper treatment
of black holes; see Sec. IVH—it is possible this effect may
only apply at galactic radii r ≫ rG where rG is the radius
such that the mass of enclosed stars equals the mass of
the central black hole. Such an effect would contribute
to the flattening of galactic rotation curves.
G. Dark energy
Curiously, this model even includes a candidate for
dark energy. An effect is considered a candidate for dark
energy if it drives expansion of the induced manifold M˜
(Sec. IIIG 4) beyond what may be expected from the
model’s analogue of general relativity.
The phenomenon considered here is coupling of the
fermionic and bosonic components of the QL. First, re-
call that the energy scales of the QL are parameterised by
two values, E(1)QL and E(2)QL, defined in Sec. III C 1. The un-
derlying manifold of the model, R0|18, is timeless and so
evolution of the QL as a function of time is only meaning-
ful on submanifolds such as M ∼= R1,3 (Sec. III B) which
have a time axis. These manifolds have real co-ordinate
systems, and thus requiring Nambu–Goldstone equilib-
rium implies a coupling of all even modes to one another
and all odd modes to one another,
E(k)QL = E(k+2)QL ∀ 1 ≤ k ≤ 16. (35b)
but not coupling of the even modes to the odd modes,
allowing E(1)QL 6= E(2)QL. It is perhaps unsurprising that this
QL should admit two energy scales and not just one,
as it is in a sense a supersymmetric generalisation of
the more common Bose–Einstein condensate and Fermi
metal states.
The existence of the foreground fields changes this,
however, as couplings exist between foreground fermions
and bosons on R1,3, and these in turn couple to both
sectors of the QL. The interactions of foreground fields
may therefore act as a conduit transferring energy from
the fermionic (E(1)QL) to the bosonic (E(2)QL) components of
the QL.
Now recognise that for all fermionic matter, E(2)QL gives
rise to inertial mass and thus L(2)QL acts as a universal
ruler. An increase in E(2)QL with time yields a decrease
in the length of that ruler, and thus an apparent ex-
pansion of the manifold which it measures. All length-
dependent properties of fermionic matter and interac-
tions between fermionic matter—including, for example,
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the energy scales of atomic orbitals, and thus the fre-
quencies of standards such as the hydrogen lines or the
sodium doublet—are subject to this shift, and thus the
appearance is of a force driving the expansion of space.
The clue, in this instance, would be an indication of
greater disparity between E(1)QL and E(2)QL at earlier times,
indicated by a value of mW /me larger than it is today.
12
When a coupling is introduced between the fermionic
and bosonic sectors of the QL in this way, it follows that
for E(1)QL 6= E(2)QL the QL is no longer in a maximum entropy.
The evolution of ratio E(1)QL/E(2)QL may also then serve to
define an arrow of time. It is also possible that the expan-
sion of the entire universe had its origin in an initial local
discrepancy between E(1)QL and E(2)QL (and/or between the
fields of the QL and their Nambu–Goldstone modes), far
larger than that which is inferred today. As the QL re-
equilibrated, this region (as measured using L(2)QL) would
appear to undergo dramatic expansion possibly resulting
in the entire universe observed today.
There is also a second, independent candidate mech-
anism for dark energy in this model: Over sufficiently
great length- and timescales, some products arising from
decay of the [AµAν ]fg field will recombine, resulting in a
partial reduction in gravity over cosmological distances.
This effect may also resemble an apparent large-scale
phenomenon accelerating the expansion of the universe.
Finally, it is also possible that dark energy-like effects
may arise if the construction criteria of the model are
relaxed somewhat and the underlying manifold R0|18 is
generalised to have non-zero curvature.
H. Forces at the extremes
1. Electroweak force at high energies
The evaluation of the electromagnetic interaction in
Sec. IIIG 2 is performed under the assumption of a pho-
ton energy Eγ ≪ E(2)QL. When Eγ exceeds E(2)QL, the char-
acteristic length scale of the photon emission process be-
comes smaller than L(2)QL and for a truncated diagram the
emitted photon may only access sinks within this smaller
distance Lγ . The associated lasing effect due to the pres-
ence of correlated photons in the background field is like-
wise reduced, with 〈NQL〉 being replaced by the number
of photons falling within Lγ of the emission process in
the rest frame of the emission process, while also being
within L(2)QL of the emission process in the rest frame of
the QL. Consequently the value of α begins to fall off at
photon energies Eγ > E(2)QL, approaching α/〈NQL〉 in the
limit that Eγ →∞.
12 Care may also need to be taken regarding the different definitions
of sin2 θW in this model, which will also affect calculation of the
amplitudes of weak interactions.
2. Gravity at small r
The gravity-like mechanism in this paper is predicated
on the effective one-way nature of decay of foreground
photons into [GG†]fg pairs. This approximation holds
because the emission of photon pairs is augmented by
the stimulated emission effect described in Sec. III G 2
whereas the decay of photons into [GG†]fg pairs is not.
However, at sufficiently small r this approximation
breaks down. At radii where the energy scale of the fore-
ground two-photon field exceeds E2QL, this lasing effect
becomes less significant. In the limit of photon energies
Eγ ≫ E(2)QL, the effective couplings for processes involving
foreground photons fall until they approach those of G(†)
bosons.
In general, energy scales exceeding E(2)QL may require
recourse to the full model on R0|18. However, to the
extent that the low-energy description on R1,3 continues
to hold, the following phenomena may be observed:
1. At very small r, decay of photons to GG† pairs
approaches equilibrium with recombination of GG†
pairs into photons.
2. Matter fields innately support GG† dipole fields
with amplitude comparable to the photon pair field
(due to comparable coupling amplitudes), and de-
cay profile r−2 (as this length scale is less than the
scale L(1)QL associated with the mass interactions of
the G(†) bosons).
The consequences of these behaviours are:
1. Decreased gravitational effects at very small length
scales, going to zero as r → 0, as the decay process
AA→ AGG† is offset by AGG† → AA.
2. An environment in which the right weak interaction
is as significant as the left, reflecting an unbreaking
of chiral symmetry.
The relevant length scale rC is given by equating the
photon field amplitude [Aµ]fg with E(2)QL,
M
mx
√
α
rC
= E(2)QL
⇒ rC =
√
3k
(f)
1 αGN
mxme
M (261)
×
[
1 + O (α) + O
(
m2e
m2W
)
+O
(
m2p
m2W
)]
.
Comparing this to the Schwarzschild radius rS =
GNM yields rC > rS iff√
3k
(f)
1 α
GNmxme
> 1, (262)
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which is always satisfied. (A further effect relevant at
short length scales, which may slightly increase rC , is
stimulated emission of GG† pairs where the presence of
a nonzero GG† field due to events at smaller r may stim-
ulate further decay events at larger r, though these are
still anticipated to be small relative to rC .)
A key effect of this weakening of gravity over very short
length scales is to prevent co-ordinate singularities from
forming in the induced frame onM , or space–time singu-
larities from forming on the implied manifold M˜ , though
the nature of the ultradense matter collections which take
their place is in need of further elucidation. As was noted
in Sec. IVF, galactic dynamics in this model are antici-
pated to undergo a transition at a radius where the dom-
inant contribution to the photon dipole field shifts from
being the central black hole to being galactic hydrogen.
The composition of the ultradense body which replaces
the central black hole is critical to the determination of
the dipole field which it sustains, and may play a role
in the apparent radial distribution of dark matter within
galaxies [particularly if this ultradense matter is best ap-
proximated by a non-zero value of Rnp in mx (252)].
3. Gravity at large r
Over sufficiently large distances r, it may be neces-
sary to take into account processes which are second-
order in vertices involving [GG†]fg boson pairs. Such
processes may partially reverse the decay of the [AµAν ]fg
field, reducing the strength of the gravitational field at
very large (cosmological) scales. Also relevant to this
process is the change in structure of the universe over
these length scales from spherically symmetric clusters of
points (stars, galaxies) to a web of sheets, strands, and
voids—on these length scales, the [AµAν ]fg and [GG
†]fg
fields fall off less rapidly than r−2 again favouring reverse
processes which may partially reconstitute the [AµAν ]fg
field. This effect may decrease the gravitational braking
on the expansion of the universe, making a (most likely
very small) contribution to the phenomenon of dark en-
ergy.
I. Other primitive metrics
In general relativity, derivation of the Kerr metric
follows directly from considering a spherically symmet-
ric gravitational source which is stationary in a rotat-
ing co-ordinate frame. By the presumed uniqueness of
this solution in general relativity, it appears inevitable
that an equivalent derivation holds (up to previously-
considered violations of the weak equivalence principle)
for the present model.
The Reissner–Nordstro¨m and Kerr–Newman metrics
describe the gravitational fields of charged objects, and
have not been experimentally verified. It is has yet
to be verified whether they will carry forward to the
present model, with the main questions around this be-
ing whether having a non-vanishing monopole field will
significantly augment the rate of dipole field decay, and
if so, whether the form and magnitude of this augmen-
tation will match the additional terms of the Reissner–
Nordstro¨m and Kerr–Newman metrics.
J. Gravitational waves
Another important milestone for this model would be
to ascertain whether it is capable of supporting gravita-
tional waves. Given the relationship between paired exci-
tations of the [G†µ]fg and [Gµ]fg fields and curvature of the
inferred manifold M˜ , it is initially tempting to attempt
to identify gravitational waves with propagating pairs of
real [G(†)]fg bosons, [G†µGν ]fg. However, these bosons
are massive and therefore unlikely to be able to repre-
sent massless gravitational waves. Instead, note that the
creation of a [G(†)G]fg pair is also associated with the
creation of a defect in the [AµAν ]fg field. This defect
may behave as a massless quasiparticle with velocity c
on induced manifold M˜ , in a manner crudely analogous
to a hole in a Fermi sea. As such a defect readily inter-
acts with the dipoles of fermionic matter, it is reason-
able to identify these quasiparticle holes in the [AµAν ]fg
field with gravitons. If it is possible to construct a de-
fect whose field configuration corresponds to subtraction
of a propagating wave from the [AµAν ]fg field, then this
may be identified with a gravitational wave. It appears
plausible that exactly the same situations which are hy-
pothesised to create gravitational waves in the Standard
Model should create propagating waves of [AµAν ]fg fields,
which will then in turn be capable of sustaining exactly
this form of defect.
K. Right weak interaction
Note that the co-ordinate frame described in
Sec. IIIG 4 only conceals the formation of [G†G]fg pairs.
It does not readily admit an extension capable of con-
cealing right-handed weak interactions such as
eR → G+ νe. (263)
Consequently, one test for this model would be the detec-
tion of precisely this sort of right-handed decay process.
Also note that the anti-left-handed neutrino plays the
role of the right-handed neutrino-analogue in this inter-
action.
V. PREDICTIONS
The value of any theory lies in its ability to make pre-
dictions about the observed physical world. This Section
lists predictions arising from the current model, collected
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by energy scale, or other criteria required for their obser-
vation. Whether or not this model as a whole accurately
reflects the observable universe, it is possible that some of
the less exotic mechanisms within it may reflect the real
world (e.g. preons as a unifying mechanism for particle
colour and generation), indicating elements of commonal-
ity between this model and the true theory of everything.
These could then act as clues towards that ultimate the-
ory.
A. Approaching Planck scale, EQL ∼ EP
It is unlikely that phenomena at or near the Planck
scale will be accessible for study any time in the imme-
diately foreseeable future. However, they are listed here
for completeness:
• Recall that the dilaton field was gauged to nor-
malise probability (Sec. III E 1 a). As we have no in-
nate way of making sense of non-normalised proba-
bilities, this will probably present as a “lumpiness”
of space–time on approaching the Planck scale EQL.
• On boosting particles such that their energy in the
isotropy frame of the QL approaches EQL, they ex-
perience: A decrease in their gravitational mass. A
decrease in their inertial mass. A decrease in their
electroweak coupling.
• Individual particles of the QL may be resolved.
• Detailed probing of particle wavefunctions may re-
veal that these are only piecewise-smooth, being
approximated from quadratic segments. Particles
observable in the low-energy limit may be found to
be extended quasiparticle excitations of the QL.
• Interactions scaling as L−k, k > 4.
• Detection or inference of the R0|18 bulk.
B. Planck scale, or rare event monitoring
• Earth is not at rest in the isotropy frame of the
background fields. This may show up as daily or
seasonal oscillatory behaviour in experiments de-
signed to measure either the isotropy of physics, or
dark matter flux (e.g. [7, 8]).
C. Rare event monitoring
• The model includes a right-handed weak interac-
tion for quarks and leptons which is rarer than its
left-handed counterpart by a factor of
√〈NQL〉+ 1,
or 1018–1021.
D. Preon scale, EΨ < EQL
• Electrons and quarks are each made up of three
preons, which carry colour charge.
• Close to EQL, lepton-lepton scattering may take
place through a Fermi contact term, behaving as
if leptons have a finite spatial extent.
E. Strong-scale tests, ES < EΨ
Discussion of the strong sector in this paper has been
limited. There are extensive opportunities to test the
current model against observation. The strongest such
test is a qualitative one:
• Look for the coloured counterparts to the elec-
troweak bosons, aca˜c˜µ .
It is also possible in theory to:
• Compute the CKM matrix of this model.
F. Electroweak/Higgs-scale tests, mHc
2 < ES
• The G boson is predicted to have a mass on order of
m2W . It is an extremely weakly-interacting particle.
G. All scales between LHC and Planck
• No undiscovered superpartners.
H. Gravitational tests
• W, Z, and Higgs bosons, the higher-generation lep-
tons, baryons including higher-generation quarks,
and even conventional atomic nuclei with neutron-
to-proton ratios significantly different from iron all
break the weak equivalence principle. However,
this effect may be difficult to detect within the
Earth’s gravitational field.
• Stimulated AA→ AGG† decay (mentioned briefly
in Sec. IVH2) may give rise to detectable post-
Newtonian gravitational effects over short dis-
tances.
• Rotation of the Earth and the orbit of the Earth
around the Sun may give rise to time-of-day and
time-of-year variation of GN as the velocity of the
Earth changes with respect to the isotropy frame
of the QL (presumed to match that of the cos-
mic microwave background), though these effects
are not expected to be large enough to detect (see
Sec. IVE).
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• Further exploration is required to confirm whether
this model does indeed support gravitational waves
as speculated in Sec. IV J.
• Metrics for charged spherically symmetric non-
rotating and rotating objects may differ from the
Reissner–Nordstro¨m solutions, most likely by a
constant factor. If so, this is not presently testable
but may be so in future.
I. Astrophysical tests
• This model predicts that gravity becomes weaker
on approaching event horizons, and black holes
are actually superdense collections of exotic mat-
ter, e.g. quark stars, with radii greater than their
Schwarzschild radius.
• There is extensive scope to further explore the pro-
posed mechanisms for dark matter-like and dark
energy-like effects and to compare these with ob-
servation.
• There is likewise extensive scope to explore the cos-
mology of this model and to ascertain whether this
can be made consistent with observation. A few
speculative suggestions have been made, but the
mechanisms proposed are provisional and the re-
sulting behaviours are unconfirmed.
• It is unclear whether the dilaton field plays any
role in cosmology, or whether it is frozen out at all
length- and timescales by the requirement that it
be used to normalise probability.
J. Low-energy tests
• Calculate the following boson mass ratios:
m2W /m
2
Z , m
2
h′/m
2
Z .
• Calculate the higher-order corrections to the weak
coupling and compare with experiment, bearing in
mind that in contrast to the Standard Model the
weak vertex factor receives different corrections to
the electroweak mass ratio, i.e.
g′
g
6= tan sin−1
√
1− m
2
W
m2Z
(264)
• Calculate the lepton mass ratios and compare with
experiment.
• Explore the mechanism for neutrino mixing de-
scribed in Sec. III F 1 and compare with experi-
ment.
K. Prerequisite: Determinism
• One of the most exotic predictions which can be
made from this model is as follows: If the single-
ontology description of Sec. IVD is correct, and if
it is possible to shield a region of space–time from
the quantum liquid, in the event of partial shield-
ing that region will experience an apparent time
dilation as the rate of spontaneous quantum events
is reduced. However, at higher levels of shield-
ing any particles within the region may experience
catastrophic changes to their wavefunctions as C2-
differentiability is imposed.
VI. DISCUSSION
This paper presents a conceptually simple model on
an unusual geometry which captures many features of
the Standard Model in its low-energy limit. Some par-
ticularly appealing aspects of this model are as follows:
• Choice of gauge on a single copy of SU(3) simulta-
neously selects for the particle species of the Stan-
dard Model in the boson, lepton, and quark sectors,
and suppresses the right-handed weak interaction.
• Colour and particle generation symmetries are ob-
tained from a single SU(3) symmetry through the
use of preons.
• The right weak interaction, on being suppressed to
the gravitational scale, is then used to construct
the gravitational interaction.
• The model is supersymmetric and, on promotion to
a full quantum theory, renormalisable.
• The supersymmetry is internal, so no additional
particle species are mandated.
• The R1,3 signature of space–time has a natural ex-
planation.
• The model in its current form has no free param-
eters, and so may readily be tested against experi-
ment. If subsequent analysis requires it to be gen-
eralised to accommodate experimental results, then
the directions in which it must be generalised may
themselves yield physical insight.
• Although the model possesses a preferred rest
frame, this is undetectable at particle energies small
compared to the Planck scale.
• In addition to the expected particle spectrum, it
contains candidates both for dark matter and for
dark energy.
In summary, this paper presents the semiclassical ap-
proximation to a candidate renormalisable quantum the-
ory of everything. The extent to which this theory re-
flects the real world remains to be determined.
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Appendix A: Gell-Mann matrices
When working with the group SU(2), a well-known
basis for the tangent Lie Algebra su(2) is given by the
Pauli matrices σi, rescaled by a factor of 1/
√
2:
{τi | i ∈ {1, 2, 3}} τi = σi√
2
. (A1)
A similar basis for su(3) is provided by rescaling the Gell-
Mann matrices Ca,
{λi | i ∈ {1, . . . , 8}} λi = Ci√
2
(A2)
where
C1 =

 0 1 01 0 0
0 0 0

 C2 =

 0 −i 0i 0 0
0 0 0


C3 =

 1 0 00 −1 0
0 0 0

 C4 =

 0 0 10 0 0
1 0 0


C5 =

 0 0 −i0 0 0
i 0 0

 C6 =

 0 0 00 0 1
0 1 0


C7 =

 0 0 00 0 −i
0 i 0

 C8 = 2√3


1
2 0 0
0 12 0
0 0 −1

 .
(A3)
Like the rescaled Pauli matrices τi, the re-scaled Gell-
Mann matrices satisfy
Tr [(λi)
2] = 1 ∀ i ∈ {1, . . . , 8}. (A4)
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